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ABSTRACT 
| 


Eight ventilation for acute respiratory 
failure were studied ‘to the 
of a clinically successful iathod’ of endotrachael aspiration ‘a 
patients with acute respiratory failure by: £13: decerninatton 


of the magnitede of changes of specific hemodynamic and respiratory 


variables which occur during and after endotracheal aspiration; 


(2) ‘investigation of the correlation between the aieattude of 


and respiratory changes during aspiration 


~ 


and their physiological status prior to gasivation: and (3) 


determination of whether a standardized of reoxygenation 


time provides adequate during -endotracheal or 


whether a clinical index, e-g., would ,serve.as an. 


appropriate guide to the length of preoxygenation time necessary 
to prevent 
Awstandardized sequence was in which each 
a subject received thirty aa of hyperinflation with one 
hundred ai cent oxygen through a volume-controlled ventilator . 
prior to suction, a twenty second period of suction, and a ree 


oxygen before returning to baseline ventilation. In addition, 
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change oxygen tension during ‘the suction sequence. 


a five minute: of was performed on each 
subject gipvoninately one hour ake to institution of the. 


suction. sequence. ~ 


Arterial oxygen tension (Pa0.) increased from 85 = 13 
(mean from before institution of the. suction 


to 96 +14 (mean + + S.E.) after return to baseline ventilation. 


to-arterial oxygen tension difference decreased 


191 *:18 (mean * S. E. ) before suction to 183 (mean 


S.E.) after ‘Since these subjects were a 


— state during the measurements as by no change 
in the rate of C05 production, the standardized suction sequence _ 


in these subjects was adequate not only to prevent an overall ~ 


decrease in arterial oxygen tension but’ to provide a net result. 


> 


of improved arterial oxygenation through decrease in the A-aD0>. 


Identification of a clinical measurement: which would predict 
the change in Pay during the suction sequence was made 
through correlating a wide range of hemodynamic and respiratory 


variables measured prior to the sucticn to per cent 


That variable which was found to best predict the per cent. 


change in arterial oxygen Ginetan was the per cent of OXyBEN 


washin at the end“of seconds of hyperinflation with 100 


per cent oxygen (r= 0. 799: p<0.05) and the rate of ‘washin 
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(r = 0.719; p< 0.05). That other variables thought to affect the 
were not may be the result of © 


the effectiveness of the hyperpreoxygenation before the actual 
period of aspiration. 
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Determination of whether a standardized length of preoxygena- 
‘tion time provides adequate safety during endotracheal aspiration 
or whether a clinicdl index, e.g., compliance, would serve as an 


appropriate guide: to the length af time 


to prevent nypoxia was , made through examining the factors which 


affect the washin of oxygen. Oxygen occurs exponentially, 


and oxygen’ washin curves in the subjects studied jenedetcaied four 


| ‘Phase ‘I--the ‘initial plateau; Phase II--the fast filling 


| comporiant; Phase tII--the slow filling céuponent Phase Iv-- 


the re bsorption component. 


| ce the of preoxygenation time 


d ring Phases I and factors’ predicting the 
rate of washi n . of thesé phases were identified as. the baseline 
of oxygen (F109) (r = -0. 803; P< 0. 05), 
(r = ~0. 964; p< 0.05), and the shunt fraction (Qya/Qr)_ 
= -0.786; p< 9.05). A-aDO was the single best predictor of 
[the rate of washin of Phases I and II combined accounting for 
72 per cent of the variance (p = 0.016) and of the rate of cui 
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“Or Phase aione, -accounting for 75 per 


(p <0.01). The combined “effects of A-aD0, and Qva/Or | were the 


best predictors of ‘the rate of washin of Phases I & II, accounting 
for 86 per of the variance (p<' 0.02), and FIO) 
were ee predictors. of the rate of washin of ‘Whave II 
alone, accounting for 84 per cent of ‘the variance ee 025). 

The deadspace ratio (Vp/Va) was the best single predictor of the 
rate of of Phase III, (r. 848; pe 0. 05). 


Thus, clinically the rate of washin of oxygen can ‘be -. = \ 


predicted in an individual through use of an 


variable, the alveolar-to-arterial 


‘difference, and with even greater ancuracy by using the shunt 
‘fraction (Qva/Qr) in combination with the A-aD0,. “~The clinician 


who must suction mechanically ‘in arterial 


pena ton is low can that subjects whd 
have large A-aDO, and large Oval Or will need longer of 


hyperinflation With es oxygen in order to raise their arterial 7 
oxygen tensions to clinically levels prior to suction 
with low A-aDO, and Qya/Qq... 
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CHAPTER I 
INTRODUCTION AND PROBLEM DELINEATION 


_ Endotracheal aspiration is a hazardous procedure which is 


performed frequently in the intensive care management of 


critically When used in with 


_ ventilation, it is nevertheless an effective means of eliminating 


copious secretions in with acute respiratory failure. 


of the suctioning procedure on arterial oxygen tension in one © 


- patient: 


The purpose of this study is to the 


determinants of a clinically successful method of endotracheal 


Pee iene in patients with acute respiratory failure. 


The following sequence of. events, taken from the ‘chart of 


2 


a Pye aor e\ yedr old male patient with blunt trauma (Econ falling 


several stories in the magnitude of the effect 


As noted, patient extubated self last night. | 
It was decided to let try to ventilate on 


own with a definite possibility. His 


Pad, was this AM on nasal prongs. He was 


found with his face hood off. Repeat Pad, was 132 _ 
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‘exemplified abov 


nasal prongs and. hood. Vital capacity 1300 cc. 


To determine the effect on his Pad» of NT" suction~ 
ing, serial AC's wera drawn. Previous dag = 132, 
during suctioning = 98, rcitnireceadeid after about 5 
seconds of = 80, and “five 100.. 
The nurses were impressed with the tickice of 
eon measurements, i.e., 52 mm drop in gust. in only 


‘Th sddteton to decreased arterial oxygen tension, which is oi 


heal aspiration has been associated 


with a number of other complications, e.g., atelectasis, cardio- 


vascular collapse, and even death. In patients with acute 


by suctioning. 


Problem Delineation and Problem Statement 


Problem Delineation 


¥ 


3976. Abdellah- listed. ‘the maintenance of a supply of 


| Oxy ERE to all body cells as one of the areas on which sie 


research should focus during the measures 


OE: patient care and precise instrumentation’ to measure the effects 


of practice upon patient cate" were identified as kiss iene 4 gaps 


oxygenation may be of critical importance if respiration -is 
= 
| 


in nursing research (p.15). 
. . A survey of the nursing literature related to the process 
nr oe endotracheal aspiration, however ; yields no studies related to 
: aspiration and only a few references to the "do's" And "don! ca" 
of the procedure. Beland (1 Y and Secor (1969) mention the 


practice of ion prior to aspiration as advisable, but 


neither of these sources spatifies the length of time nor the 


percentage of oxygen that should be used. Jacquette (1971) i cneiate 


preventing cardiac arrhyt the administration f one hundred 


per cent oxygen for five minutes prior to aspiration and for an 


unspecified period of time after aspiration, keeping the aspiration 


period brief (about 8-10 sec.), and reducing the negativé pressure 


to the lowest level that will "do tind job." w Wade (1973) suggests 


a-few-breaths-with one hundred per cent oxygen to prevent hypoxia 


in the airessy hypoxemic patient, Limiting the aspiration period 


to fifteen seconds with adequate reoxygenation of the patient oe ne: 


between nay = Limiting the diameter of the suction catheter 


ne | to no greater than half that “of the main bronchi. Other sources 
(Brunner, ,Emerson, Ferguson, & Suddarth, 1979; Shafer, McCluskey, 
“Beck, & Phipps, 1971) mention only the length of time that the é 


suction should be applied. | | 


In clinical practice, moreover’s there is a icevekes in the 
used for endotracheal aspiration both institutions 
and between practitioners within example, 
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a some institutions endotracheal aspiration is performed without 


_ the administration of any oxygen, while in others at least one 


minute of oxygen is given both before and after aspiration. Results 


ef this study, therefore, can provide a theoretical basis for 


decision-making ‘regarding the therapeutics of the apsiration 


procedure. 


Proklen Statement | 


\What are the physiological determinants of a clinically 


successful method of endotracheal aspiration | in patients with 


7 


Objectives of the Study 


The broad objectives of the pre were as follows: 
To determine the magnitude of changes of specific 
hemodynamic and respiratory variables which’ o¢cur during and 


after endotracheal aspiration in patients with acute respiratory 


é 


failure. 


2. To sauacntinsa in patients with acute respiratory 
failure the correlation between a magnitude of hemodynamic 
and respiratory changes during endotracheal aspiration and 
their payerotegtcas status prior to aspiration. 
3...To determine whether a standardized length of preoxygen- 


ation time adequate safety tracheo-bronchial 
4 


aspiration or whether a clinical index, e.g., compliance, 
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here. 


would serve’ as an appropriate guide to the length of preoxygenation 


“a 


time necessary to prevent hypoxemia. 


Thus, results of this study contribute additional data about 
‘eadotrahent aspiration which may lead ‘is the early recognition of 
patients at hazard diting the procedure. ‘Studies in the past 
focused on the degree of deeaturation ducing 
endotracheal and on the be that could 


be used to prevent desaturation. No other study has examined the 


wide range of hemodynamic and respiratory variables included 
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CHAPTER II 
RATIONALE 


This was divided into major components-- 

first, of the physiological consequences of a standardized 
method of endotracheal aspiration in patients with acute respira- 
tory failure, and second a study of the respiratory and mechanical 
factors which affect the washin of oxygen in patients with acute 
respiratory failure. The tHeoreticat basis for the study was derived 
from thedries of sis shpesin of the process of. suction as well as 
from research findings. the physiological effects of 
changes in oxygen and to 
respiratory and hemodynainic variables. This rationale has been 
_divided into the 


ae theory of the mechanics of suction. 


theory of effect of endotracheal suction on 
respiratory function. 


Theories of the physiologic ‘determinants oxygen 
washin. ; 


IV. ‘Description of the of acute 


Vv. Descriptid of in steady-state gas 
exchange | 
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“The Mechanics of Suction 


Suction is the flow created by lowering the pressure at one 


end of a tube. Several factors influence the flow in smooth tubes. 


First, the flow is proportional to the pressure difference between the 


- flow through the suction catheter is its diameter, as in the case 


ends of “the tube when the flow is laminar. When there is turbulence 

in the flow, the flow is proportional to the square root of the 

pressure difference between the of the tube. Thus, te 

turbulent flow it takes a greater increase of pressure to cause 

an increase in flow (Rosen & Hillard, 1960; West, 1974). : | 3a 
The second factor influencing flow in easoeh tubes is | ) ao 

resistance. In a suction catheter, the resistance depeeis on | 3 

the dineasne dad length of the tube. In laminar flow, the viscosity e 


of the fluid also affects the flow as does the density of the 


fluid in turbulent flow. The main factor, however, affecting the 


of laminar flow it is directly proportional to the fourth power of 


the radius (Poiseuille's Law). Thus, in general, flow is increased 
by increasing the bore of the catheter (Rosen et al., 1960; _ 


West, 1974). 


. 


The pressute in one end of the suction catheter is lowered ae eal = 
by a suction apparatus which produces a negative pressure thus _ 
overcoming the resistance of the catheter and inducing flow. There 


are several different types of suction apparatuses, and the 
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characteristic manner in which flow {8 induced is peculiar to each 
type. In general, the greater the negative pressure devcloped by 
‘tis apparatus, the seater will ba the flow through the catheter. 
Initially, dec negative pressure is applied to the catheter, 
air flows the circuit. tip of the catheter 
is placed in liquid, e.g., mucus, the flow of air decreases, negative — 
pressure develops, and the flow of liquid increases to a level 
We the pressure flow of the suction 
the characteristics of the liquid. 


The volume of aac removed is determined by “— average 


‘pressure in the eaten ionine the period of suction. The more 


rapid the increase in negative pressure, the greater is .the volume 
of liquid removed. The time that the negative pressure takes to 
werent depends on ous volume of. air in the system, the rate at. 


ite. it. is removed, and the maximum negative pressure that the 


~ apparatus can produce. ‘Wines the cireuit is evacuated against a 


- eontinually increasing negative pressure so. that the rate of increase 


of negative pressure gradually becomes slower at ies. ie’ 
rate of increase is exponential in nature, i.e., as the Aeeative 
pressure develops, the flow decreases and the rate of increase of 
negative ‘pressure becomes slower. 

There by which negative pressure 
can be produced--pumps, injectors, and gravity. «Pump sources, 


which are the type generally used for endotracheal aspiration,” 


| 

| 


have a suction cycle followed by a discharge cycle. The type of | 


pump--rotary, piston, or diaphragm--determines whether. the 


action depends on valves or whether valves are not needed. A power, 


source is required for each type. PipeTine suction is an extension~ 
_ of the Suction provided by an siactric pei, usually of. the 3 

rotary type. A lates tank acts as a reservoir of negative pressure 
ve and io fitted with maximum and minimum pressure switches. When 
the negative pressure is lowered to one limit, the motor is 
activated and then deactivated when it, has viciiii the maximum 
pre-set limit. Along the eiieline, th size of each intake is 
restricted so sede cad intake allows flow to reach the’ | 
maximum which the pump is deabie of producing. Flow at each 
intake is regulated by controls at that intake (Rosen a al., | 


A Theory of the Effect of Suction on Respiratory Function ° 


Endotracheal aspiration te a common procedure used 
tracheal tubes. When the atictice catheter is passed down the 
endotracheal tube and applied, air flows 
from the atmosphere into the tracheobronchial tree and up ‘tie 


catheter into the suction apparatus. There is a fall in 


& 


pressure from the atmosphere to the airway and again from the 


airway to the suction apparatus. This pressure drop is 
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proportional to the resistance of the pathway from the 


atmosphere to the airway. If the resistance of the pathway from 


the catheter tip to the atmosphere is high, a great: portion of the 


é 


‘negative pressure developed by the apparatus will also. be developed 


in the airway. A decrease in transpulmonary pressure, a. 


reduction in lung volume distal, to the bronchi, and the 


of atelectasis resuite; If the setts catheter stimulates 


the muscles of expiration, 


further decreased and the pressure gradient might be reversed. 


As soon as solid or liquid aspirate is drawn into the ‘suction, 
catheter, the pressure in the airway once again becomes atmospheric 


(Rosen & Hillard, 1962). 


Conditions under which decreases in transpulmonary pressure 
are likely to develop can be determined. Since the pressure drop. 


along a tube is equal to the product of its resistance and the 


flow along it, when an equilibrium is reached air flows down the 


trachea at the same rate as it flows up through the catheter. 


Thus, the ratio of the. outside diameter of the suction catheter 


to the inside diameter of the endotracheal tube through which it 


is passed is an important factor in determining the resistance 
of the pathway from the des of the catneter to the asnonphare 


even subatmospheric airway pressures of brief duration, 


eink an those produced by suctioning with a large suction catheter 


through a narrow endotracheal tube, can cause a decrease in 
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lung volumes due to a ariety of 


11 


compliance and shunting (Rattenborg & HMeladay, 1967). The mechanism 


responsible fot this in compliance is. collapse 

of the alveoli (Rebar, Laver, & Bendixen, 1963). If the capillary 
blood flow is maintained through the collapsed, ant thus unventi- | 
lated, areas of the lungs, venous admixture to areevtaktves blood 


& 


will occur. If enough alveoli collapse, but continue to be 


perfused, the venous admixture, or shunt, will assume such propor- 
_ tions ‘eat a measur ble fall in arterial oxygen tension will 


(Bendixen, Hedley-Whyte, & Laver, 1963). Collapse of: dua 


alveoli can also cause a decrease in functional* residual capacity ~~ 
(Saklad & 1967). 


Patients with’ Hespitatoty failure generally have low resting 


g 


from airway obstruction by secretions. If these secretions are 


removed by suction and the lungs hyperinflated, an improvement in 


resting lung This increase in FRC, 


due to the opening of previously non-ventilated alveoli, may be 


accompanied by an improvement .in compliance and shunt. 


Decreased arterial oxygen tension has been reported during 


and after endotracheal aspiration a wide of 


A number of mechanisms may be responsible: Hest, asydcion of the > 


alveolar gas with air in instances where the inspired oxygen 


tension is greater than room air; second, apnea in patients requiring > 
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constant artificial ventilation;, and third, atelectasis resulting 
/ 
from the development of intra-airway negative pressures with an/ 
accompanying increase in shunt and alveolar-to~arterial oxygen 


difference. It is possible that any or all thrée ‘of these 


} 


mechanisms may be operant in any one patient. : 
The amount of arterial oxygen desaturation which occurs 
during and after endotracheal aspiration may be related also to 


the degree to which any one of these factors is operant in an 


' tension in order to maintain a clinically acceptable level of 
oxygen tension might have a in arterial 
oxygen tension from sudoveachial aspiration than one being 
ventilated on room air, because of the alveolar gas 
with room air. Patients with low initial resting lung volumes 
and smaller amounts of alveolar gas might desaturate 

¢ | vs more quickly from aspiration and its accompanying apnea than those 

with large initial resting lung volumes. Finally, increased | 

“* shunt ain accompanies atelectasis may be responsible for 


decreased oxygen tension. 


aspiration in intensive 


The common practice of endotracheal 
care, however, frequently includes hyperoxygenation and hyper- 
inflation prior to and after aspiration. The rationale for this 


practice is to increase the volume cf oxygen in the lungs prior 
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individual patient. A patient requiring a high inspired oxygen” ote 
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‘to aspiration as a prophylaxis. against hypoxemia and after - 
aspiration to reverse its untoward effects. The degree to which 


the factors responsible for decreased arterial oxygen tension 


7 are affected by this process is not certain. 


Hemodynamic effects of endotracheal aspiration may be 


seid to two factors: first, arterial oxygen désaturation which 
is cereus for a decreased supply of oxygen to the een 

muscle and thus increased cardiac irritability, resulting in 
cardiac avtiythedas. and, second, increased venous return to the 

heart and its,resultant effect on cardiac output. Under steady- 
state condition, any ee which affects venous return will also 

affect’ cardiac output (Guyton, 1973). If 

veins- leading to the ‘heart are suddenly compressed, as could 

during the development of, high positive 


pressures during "bucking" (coughing against the endotracheal 


tube), while blood continues to be pumped out of the cardiac 
chambers and Luaes into the svea: a few beats could occur with 
little blood flowing into the right atrium. 
‘cessation of this positive intra-thoracic pressure may cause 
resulting from the emptying of the | 
blood stored in the great veins during the low flow period. % 
heart with poor reserve might be saan to compensate for 


these sudden changes in cardiac output (Rosen et al,. 1962). 
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Theories of the Physiological Determinants of Oxygen Washin . 


———Sinte hyperoxygenation prior to suction is used to prevent | 
the untoward consequences of that procedure, it is clinically 
practical know an hyperpreoxygenation Using 

; 1002 oxygen it: is possible to determine the amount of time. 
necessary to reach the maximum arterial oxygen tension with 1002 
oxygen washin, i.e., his oxygen washin time. How rapidly and to 
what degree the arteriel. blood responds to change in the {aapived 
oxygen concentration is dependant upon several factors: 
(1) alveolar ventilation and FRC (Eger, 1974) ;- (2) the isthiabion 
of inspire oxygen (Colgan & Mahoney, 1969); (3) diffusion across 

_ the siveotat-emiiiay membrane (Staub, 1963); (4) the distribution 
of the pulmonary blood flow (Finley, 1961); and (5) the cardiac 


output (Briscoe, Cree, Filler, Houssay, & Cournand, 1960). 


Alveolar ventilation. With a constant inspired concentration 


of oxygen (100%)., the rate of rise of the ton 
of oxygen is es by the alveolar ventilation. The greater 

sha: sunktletion the more rapid the approach of the alveolar to the 
“inspired concentration. The functional residual capacity, however, | 
limits the effect OE the alveolar ventilation in nat the larger 


: “ the FRC, the slower the washin of oxygen and vice versa. The size 


of the tidal volume is of relatively little importance (Egar, 1974). 
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of inspired gas (Bergman, 1963; Hulands, Greene, Iliff, & Nunn, 


® 
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“Distribution. Since pulmonary capillary blood can take’ 


up oxygen only to the extent that the concentration is presented 


_to the alvéoli, the speed and equality df the distribution of the 


inspired gas affects the alveolar-blood gas exchange. Even in 

the all regions have the same venti latdon. 

The lower regions of the lung ventilate better than the upper 
zones (West, 1974). In vastus powtites,, except at lung volumes 
lower than the functional residual capacity, 
and perfusion are greater in dependent than in the upper siti 

of the lung; indicating that the distribution of Both. Venttiacton 


and perfusion is gravity dependent (Kaneko, Milic-Emili, Dolovich, 


| Dawson, & Bates, 1966). In the normal lung artificial ventilation 


causes no detectable change in the uniformity of this distribution 


“Ne 
1970). 


In addition, airway closure affects the regional pattern of 


gas distribution and results in ventilation-perfusion inequality 


_ and impaired blood gas exchange. In the normal person, regardless — 


of age, all regions of the lung are open at the end of a full 
inspiration. As the lung volume decreases during expiration, small 
airways show a progressive tendency to close, whereas larger 


airways remain patent. The lung volume at which appreciable small 


: airway closure begins is the closing volume. With advancing age 


} 
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there is an increased tendency toward airway closure and an increase 


in the closing volume (Mansell, Bryan, & Levinson, 1971). 


Diffusion. Diffusion capacity is altered by two fattors-- 
‘the distance for diffusion and the surface sien for diffusion. | 
Normally, the path for éiffeston. is short, i.e., traversing a sur- 
_ face film covering the alveolar lining of the vienna membrane, 
the interstitial fluid, and the capillary endothelium, In - 
disease this pathway may be much lbnwer if: “Q) the alveolar wall | 
is thickened; (2) the capillary membrane is thickened; (3) the he 
membranes are separated by interstitial odene fluid and exudate, 
“which may be replaced by fibrous tissue; (4) there is iatra-alveolar 
edema fluid or exudate; and (5) the intracepdllary path is increased 
because the capillaries are dilated and contain several red ‘ 
blood cells abreast (Comroe, Forster, Dubois, lee. & Carlsen, 
1962.) | 
The surface area for diffusion can be by any decrease 
_ in the number of gical canillertes or in the number of ventilated 
alveoli. Thus, the tes cen be decreased by diseases which 
disrupt normal alveolar by which 
Sock of airways thereby decrease the number of 


alveoli availabl¢ for gas exchange (Comroe et al., 1962). 
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capillary (West, 1974). 


almost linearly from bottom to top. ve 
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Diffusion is also-dependent upon the difference in alveolar-_ 
arterial = concentration. In normal conditions the oxygen tension 
of the red blood cell as it enters the capillary is canal 
about four-tenths of the alveolar value oon of the oxygen: in 
the pea venous blood. Under typical resting conditions, the 


capillary —. tension reaches that of the alveolar gas : 


when the red act is about one-third of the way along the 


Perfusion. Blood flow is not equal the 


human Tung: In the decreases 


low #alues. at 


apex. is affected change posture and 
i exercise. When the subject lies supine, the apieal zone blood. 


flow increases but the basal zone flow remains virtually unchanged, 


with the result that the distribution from apex to base becomes 


almost uniform. In this position, blood flow in the posterior 


~ regions of the lung exceeds flow in the anterior parts (West, 1974). 


In subjects in whom there is impairment of gas in, 


the lungs, there is wasted pulnonary blood flow or be ae -to-left | 


A true shunt contains from 


sntracardige shunts, bronchial veins, and alveoli which are perfused 


but not ventilated. In healthy individuals at rest, the total shunt 


amounts to ke than five per cent of the: total cardiac output (Bates, 


Macklem, & Christie, 1971). 


| 
{ 
i 
. 


UMI 


“Oxygenation of the blood is retarded in proportion to the— 


magnitude ofthe intrapulmonary shunting, since mixed venous blood 


passing through the shunt continually contaminates the arterial 
blood. The relative distribution of pulmonary’ blood flow to venti- .. 


lated and to unventilated areas of the lung also affects the rate 


and degree of arterialization of the blood. Perfusion of unventi- 


lated areas of the lung probably accounts for most of the decrease 


in arterialization of the blood (Colgan & Fanning, 1970). 


Cardiac output. Since the blood carries the gas away from 
the lungs, the greater the cardiac output, the’ greater the uptake 


of gas from the lungs (Egar, 1974). 


Description of the Relationships in Steady-State Gas Exchange _ 


The typical adult man at rest in the sitting position consumes 
/ 


about 300 ml oxygen and produces about 250 ml of carbon dioxide 


per minute. This gas is exchanged with the environment through 
the lungs, skin, and the urine and other secretions with the pri- 


mary mode of exchange being the lungs. 


The @entent of the inspired gas ‘is nitrogen, oxygen, carbon 


dioxide, water vapor, and traces of other gases. Only the amount 


of water vapor is widely variable so that the fractional composition 


of the oxygen, nitrogen, and carbon dioxide are relatively constant 


and generally expressed in terms of the dry gas. 


bd 
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with the environment, because this gas is neither produced nor 
consumed by the body. ‘Since ta the alveoli oxygen diffuses into 
and carbon dioxide out of the blood fidwing cha pulmonary 
capillaries, the expired gas usually contains Lene -ivead and more 


carbon dioxide than the inspired gas. In addition, since as the 


inspired gas passes through the upper respiratory tract it 
becomes warmed to the temperature of the body and saturated with 
‘water vapor at this temperature, the éxpired gas also contains more 


heat and more water vapor than the inspired gas (Otis, 1964). 


Pulmonary ventilation and gas exchange. Ventilation, the 


mass movement of gas in and out of the lungs, may be defined 
' as either the volume expired or the volume inspire per minute. 
‘These two volumes, however, are not generally identical even in the ae 
| steady-state. This inequality is due to the eit of carbon: dioxide 
production to oxygen the respiratory exchange 
Since in the steady-state the body neither produces nor consumes 
nitrogen, the rate of exchange of aitrogen is zero (Otis, 1964). 
The ratio is generally accepted to be 0.8 


in steady-state conditions (Nunn, 1969). 


q 


Alveolar ventilation and gas exchange. At the end of each 


inspiration only the earlier part of each inspired tidal volume 


-enters the alveoli. The latter part of the inspired tidal volume | 


In the steady state, there is no net exchange of nitrogen : | | 
|. 
a | 


“volume and the effective tidal volume, the comp 
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occupies the conducting airways and is termed the "dead space" 


- volume, because ‘it does not participate in gas exchange. Since 


the total volume expired per breath is the sum of the dead-space 


sition of a 


complete expired breath represents a mixture of alveolar and 


ined. by the composition and relative 


proportions of Rails two components (Otis, 1964). In the normal 
oabieet at rest and under steady-state conditions the ratio of 
dead space te tidal voiuie is less than thirty per cent 

(Comroe et al., 1962). | 


Most of the heat and water vapor exchange occurs in the 


upper respiratory tract. The exchange of carbon dioxide, oxygen, 


and nitrogen occurs in the alveoli by diffusion. In the normal 


lung under steady-state conditions the diffusion process is so 


adequate that the gases in the pulmonary venous blood leaving the 


alveoli are approximately in equilibrium with the gases in the 
alveoli. 

‘Thus, the composition of the shuanine gas can be ‘as 
be determined by three principal factors: (1) the composition 
of a iia which is fixed by the environment; (2) the 


rates at which carbon dioxide and oxygen are exchanged between 


“~ the blood and the alveolar gas which in the steady-state are 


determined by the’ oxidative metabolism of the body; and (3) the 


dead-space gas and is deren 
e 
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alveolar ventilation (Otis, 1964). \. ¥ 
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Although at any moment there is a single value for the 


. alveolar gas composition in an individual, in reality the 


composition of alveolar gas may vary widely from one 

alveolus to another so that this single value is for the 

average composition of the alveolat gases. Moreover, since 
ventilation constantly oscillates, any single value also reflects 
a 

Several factors, however, neeve to minimize this temporal 


fluctuation. One of these is the functional residual capacity, | 


which normally is several times larger than the alveolar tidal 


volume and thus serves to buffer changes in alveolar gas concen- 


tration. Another factor is the solubility of gases in the lung 


tissue itself which also buffers changes in alveolar ‘gas con- 
centration by making the equivalent vee volume larger than the. 
actual volume of the gas phase. A third factor which minimizes 
in blood flow that occurs with breathing. Blood: flow cheek chee 
lungs rises to a sar aay ee inspiration and drops to a minimum 


during expiration, thus increasing gas exchange during the period | 
when the lung volume is increasing and décreasing it when lung 


volume is decreasing. 
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CHAPTER III 


REVIEW OF LITERATURE 


Investigations of endotracheal aspiration which used 


physiological measurements were reviewed. Although a variety 


of variables were studied, no one study encompassed the wide 


range used in the present research. Findings of the studies 
reviewed were divided into the following categories, according 


to the results reported: 


| 
I. Arterial oxygen desaturation. 


tt. Atelectasis. 


III. Cardiac arrhythmias and sudden death. 


Arterial Oxygen Desaturation 


During endotracheal aspiration, decreased arterial oxygen 


tension has been -reported ina number of different categories 
of subjects and under various conditions. Moreover, several 


icumieian and devices have been introduced to minimize this 


untoward effect of suction. | 
ond, 


Studies Using Non-Human Subjects 


When anesthetized and paralyzed dogs were suctioned 


_ without any concomitant oxygen administration, essentially 
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‘no change in arterial oxygen tension occurted: Whaa 100 per-cene— 
oxygen was stared via side arm arterial 

oxygen tension rose signtticaitiy. In dogs breathing 100 per cent 
oxygen or apneic and hyperinflated with 100: per cent 
oxygen before suction, progressive decreases in arterial oxygen 
tension occurred during and after suction both with and without 
sidearm cohtrol values were reported, it was 

not possible to determine ZIRhEY the extent to which arterial 

oxygen tension rose during 100 per cent oxygen sdninisteration 

prior to suction nor whether it fell below baseline values during 


suction (Fell & Cheney, i97fij. - 


Studies Using Normal Subjects 
"Arterial oxygenation during and bor three minutes after endo- 
| tracheal suctioning was studied in with no 
known pulmonary disease and with automatically controlled pulmonary 
ventilation (Boutros, 1970). Variables tested were the duration 
of suction, inspired oxygen tension prior to suction, and the fit 
of the suction catheter in the endotracheal tube. ‘There were 
significantly greater decreases in arterial oxygen tension with | 
apnea. Patients breathing 25 per ee oxygen before suction had 


greater decreases in arterial oxygen tension during 


fA suctioning than patients breathing 40 per cent oxygen. Full impaction 


¢ 


UMI 


= 
? 
8 \ 
' 


UMI 


24 


of the suction catheter in the endotracheal tube did not produce 


changes in arterial oxygen tension significantly different from 


those which occurred when the tube was not impacted. ‘Hyperinflation 
sustained for ten seconds following suctioning resulted in 


significantly smaller relative decreases in arterial oxygen tension 


than no hyperinflation. 


Other findings (Boba, Cincotti, Plazza,.& Landmesser, 1959), 


however, do not substantiate the report that suction produces a 


significantly greater decrease in arterial oxygen. tension than apnea. 
Although apnea of one minute's duration produced severe dia twin in 
anesthesized normal subjects, the addition of endotracheal suction 


did not change significantly the or hypoxia. 


One explanation for this in ney be the differ- 


ence in flow of the suction areerenuete used: 81 L per minute in 


the Boutros study as opposed to only 13 L per minute in the study 


by Boba et al. Theoretically, the faster the rate of flow 


through the suction catheter the faster the alveolar gas would.be ms 


diluted with room air. 


In addition, in anesthetized normal subjects, oxygen insuffla~ 


‘tion at a rate of 4 L per minute prevented hypoxia both during 


apnea alone and during apnea with simultaneous endotracheal suction 


(Boba et al., 1959). This rate of used in con- 


with a suction withdrawal of 13 L per minute. 


A sharp drop in oxygen was in one 
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testing an arterial oximeter. This sharp drop occurréd following 


administration of 20 per cent oxygen, but no hyperinflation nor 


side arm oxygen administration were used (Stephen, Slater, 


Johnson, & Sekelj, 1951). 


Studies Using Patients Having Pulmonary Surgery 


Data obtained by ear oximetry in eleven anesthetized patients 


undergoing pulmonary resection and being ventilated on 25 per 


cent oxygen showed that one minute of apnea resulted in arterial 


oxygen desaturation to or below 93 per cent in three-fourths of 


the trials (Downes, Wilson, & Goodson, 1961). -Hyperventilation with 


oxygen for 15 seconds prior to apnea caused arterial oxygen satura- 


_ tion to remain above 95 per cent in every patient during, two 


minutes of apnea with the pleura intact and during one minute of 
apnea with open pleura. of Boba et al. 
(1959), endotracheal suction during apnea did not significantly 


affect changes in arterial oxygen saturation. -Suction, in this 


7 study, was performed for 20 seconds during apnea with a catheter 


“passed through the side arm of a connector ada a negative flow rate 


of 13 L per minute. 


Two methods were suggested to counteract the effects of 


endotracheal suction on arterial oxygen desaturation. Sustained 


anesthetized patient during endotracheal aspiration at the tine of — 
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minutes after suction (Schmidt, 1966). 


UMI 


a effects of 5 seconds of suctioning in patients undergoing thora- 


- cotomy (Boutros & Weisel, 1967). Whereas, in patients with cardio- 


pulmonary disease undergoing abdominal surgery, use of a 

double-lumen suction catheter with oxygen flowing at 5 L ban 

minute resulted in elevating tensions during 

& Stahl, 1968). Endotracheal suctioning without 

any oxygen supplement lowered arterial oxygen tensions below 


room air values in the same patients. 


Studies Using Post-operative Patients 

tension measured before and after endo- 
tracheal suction at 28-30 L per minute in post-operative cardiac 
patients i ania on ventilators and in a stable cardiovascular 
state showed a significant decrease. Changes during suction 


were greater if the patients had both cardiac disease and pre- 


operative pulmonary hypertension. No patients returned to 


their pre-suction arterial oxygen tension levels after three 


minutes of ventilation at thirty three and one-third per cent .~™. 
oxygen (Taylor & Waters, 1971). No hyperinflation or supple- 


mental oxygen administration were used. Similarly, in trache- 


otomized neurosurgical patients, arterial hypoxia lasted four 


‘a 


hyperinflations at twice tidal volume were needed to reverse the | : 
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‘Studies Using Patients in Respiratory Failure 


In patients with ceapitatory failure on mechanical ventile- 
tion, ‘to methods were used to counteract the effects of endo- 
tracheal saccaew. Hyperinflation with 100 per cent oxygen and 
limiting the suction period to 15 seconds produced mean values 
after fifteen of suction higher than dpntrol 


(Fell et al., 1971) and significantly different than those with 


no hyperinflation. Insufflation of 100 percent oxygen down a 


sidearm at 5 L per minute did not have any effect on the decreased 


aeteritat oxygen tension seen during suction. Suction of 

patients in acute respiratory failure without removing the waittie- 
tor, however, ‘iad no significant difference from baseline values 
(Urban & Weitzner, 1969). Since Fell et al. (1971) did not find 


significant changes between baseline measurements and arterial 


oxygen tensions after suction of patients who did not receive 


‘hyperinflation with 100 per cent oxygen, the actual effect of the 


ventilator in the Urban et al. (1969) study can be questioned. 


%, 


Atelectasis 


Studies of infants (Brandstater & Muallem, 1969) subjected | 


to tracheal suction produced a sharp fall in pulmonary compliance. 


The effects of suction on the lungs were greater when suction was 
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prolonged and when a larger suction catheter was used. Tidal 


volumes fell by amounts that ranged from 25 to 70 per cent of con- 


trol. When infants were connected to the same respirator following 


suction with inflating pressure or tidal volume at the original 


setting, the luhgs remained partially collapsed until a high 


pressure or large tidal volume was applied, sometimes up to 30 | 


minutes after suction. 


Adult subjects undergoing anesthesia also had significant | 


decreases in lung-thorax compliance until several hyperinflations 


‘oni the effects of suction (Egbert, Laver, & Bendixen, 1963). 
The aftects-on-the lungs were attributed to the subatmospheric 
airway pressures produced by impaction of the catheter ia the 
endotracheal tube (Rattenborg & Holiday, 1967; Saklad & Paliotta, 
1967). | | 

Prevention of sub-atmospheric airway pressure during suction 
was proposed by Segal (1965) through the use 
pressure during suction. Continuous use of mechanical ventilation 


during suction through an airway adaptor not only continued 


ventilation and prevented the development of sub-atmospheric 


pressures, but it also facilitated the removal of secretions by 


causing flow through the catheter to become more rapid. 


‘ 
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Arrhythnias—and- Sudden death 


Sudden unexplained deaths have occured in patients under- 
going intensive treatment in hospitals during or soon after 
tracheal suctioning (Marx, Steen, Arkins, Foster, Joffe, Kepes, & 
Schapira, 1968; Case History, 1960; Dale, 1952). In ssviente with — 
congenital malformation of the heart or myocardial stebnas., ; 


se age: : death occurred suddenly after the completion of aspiration through J 


the endntrachea! tube. It was hypothesized that aspiration through ; 
or withdrawal of the at the close of the <n 
operation might have brought about cardiac arrest by 
effecting a transient state of oxygen with 
a resultant increase in susceptibility to vagal reflexes e”. 
(Schumagker & Hampton, 1951). 
cardiac arrhythmias during tracheal suction was significant 
(35 ck cant) in patients who were, breathing air SETOE to suction. 
Arrhythmias seatutad frequent atrial premature contractions, nodal 
frequent ventricular contractions. After brief period 
of breathing 100 per no longer 
associated with significant arrhythmias (Shim, Fine, 
=a led ‘to an increase of cardiac output, tachycardia, and decrgased 


stroke volume (Schmidt, 1966). 
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CHAPTER IV 


METHODOLOGY 


The problem for this study was to explore the physiological 


determinants of a clinically successful method of endotracheal 


~ aspiration in patients with acute respiratory failure. In order 


to study this problem, the investigation was divided into 
components: one to determine the magnitude of the changes of 
specific hemodynamic and respiratory variables which occurred” 


during and after endotracheal aspiration in patients with acute - 


respiratory failure and to examine whether any specific baseline 


‘measurement might serve as a predictor of the magnitude of 


these changes and therefore the degree of hazard; and second, 


to determine whether a standardized length of preoxygenation time. 


provided adequate safety during tracheo-bronchi¥l suction. 
-The methodology, which encompasses two separate designs, is 


divided into the following sections: 


I. Definition of Terms 
Il. Design 


III. Method 


“Subject selection 


Criterion measures and instrumentation 


C. Procedure 
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‘Definition of Terms 


Functional residual capacity (FRC) is the volume of gas 


remaining in the lungs at the resting expiratory level (Comroe 


et al., 1962). 


x 


Lung-thorax comp Lisace (Static) is the volume of 


1 


change from baseline per unit of pressure change from baseline | 
across the lung chest wall as at the end tes 


period. 


Inspired, oxygen concentration (FI) ) is the fractional 
concentration of oxygen in the inspired gas (Comroe ct al., 1962). 


Arter en tension (Pay ) is the partial pressure of 


oxygen in artbrial blood (Shapiio, 1973)... 


carbon dioxide (Pa. 


CO. 


) is the partial pressure 


2 


Arterial pH (pHa) is the negative logarithm of the hydrogen 
ion concentration of the arterial blood (Shapiro, 1973). 


‘Mixed venous oxygen tension (PV. ) is the partial pressure 


0, 
of oxygen in the mixed venous blood (Comroe et al., 1962). 
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Mixed venous “€arbon dioxide (PV is the partial 


pressure of carbon dioxide in the mixed venous cissd (Comroe et al., 


1962). 


Mixed venous pH (pH) is the negative logarithm of the_ 


hydrogen ion concentration. of the mixed venous blood. 


Arterial oxygen saturation (Say ) is the saturation of the 


hemoglobin with oxygen in the arterial blood (Comroe et al., 1962). 


Mixed venous oxygen saturation (SV, ) is the saturation of 
the hemoglobin with oxygen in the mixed venous blood (Comroe et al., 


Arterial oxygen content (Cay ) is the concentration of oxygen 


in the arterial blood in ml 09 P per 100 ml of blood (Comroe et al., 


1962). 


& 


‘Mixed venous oxygen content (Cv, ) is the TOL Of 


“oxygen in the mixed venous blood in ml 05 per 100 ml of blood 


(Comroe et el., 1962). 


Alveolar-arterial. oxygen tension difference (A-aDp ) is the 
2 
difference in partial pressure between oxygen in the alveolar air 


a; ) and oxygen in the arterial blood (Pag,) (Shapiro, 1973). 
Ao 
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Physiologic shunt (Q,,/Qr) is that 


cutput that does net exchange with the alveclar air (Shapiro, 1973). 


Physiological deadspace (V)/V,,) is that portion of the © — 


mechanical ventilation that does not exchange with the pulmonary 


blood, i.e:, wasted ventilation (Shapiro, 1973). 


Suction sequence for this study is defined as a standardized 


method of suctioning which includes a 30 second pericd of hyper- 
inflation with 100% 0, prior to suction, a 20 second period of 
suction (including detachment from and reattachment to the 


ventilator), followed by another 30 second period of hyper- 


inflation with 100% 05+ 
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Two designs exist within this study--one an 
design and the other a pretest-posttest To” 
o° | investigate the correlation between the obeoitude of hemodynamic 
and respiratory changes during and after endotracheal sasicctien 
and to examine whether any specific baseline measurement could 
serve as a predictor of the magnitude of indis chiins and there- 
fore of the degree of hazard involved an exploratory design was 
used. This portion of the study was meee factor-relating eel 
steed at the production of correlational éata:” | 
To determine the tude of specific hemodynamic 
and respiratory variables which occurréd during and after a. 
‘canal aspiration a one-group pretest-posttest design was used 
~ (Campbell & Stanley, 1963). The form of the design is = = 
as follows: 
0 
The O's represent the PSR pe administered to the : 
experimental group. There was no control ai 
Although Campbell and Stanley (1963) list sa laa weaknesses - 
of this design, several factors must be taken ner ere which 
justify its use in this ars First, the internal validity is spe 
jeopardized in that this study can be classified as a eerie 


experiment," as it was possible to literally take the laboratory 
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to the TET. Since in a laboratory experiment "the variance of 
all or nearly all of she influential 
not “pertinent to the immediate les of the investigation are 
kept to a minimum," it does have internal validity Ker linser, 
1973, p. 398). 

Neither is "instrument decay" a limiting factor, because 
all instruments used were witness immediately prior to each 
use. Since the time interval between the collection of the pre- 3 


test and posttest data-was short (less than one hour) and 


- since the patients were judged to be stable during the data 


collection, it is thought that little change took place other 
than those to the suctioning process. control | 
group was_not seed. it certain that no "matura- 
tion" took place (Campbell et al., 1963). 
Each patient underwent an oxygen sasha prior to he onset 
of the pretest data collection. pve the washin, he or she was 
given approximately one half hour to eautdtbeate- beck to mainten- 


ance levels. It is hoped that in this way each patient received 


' the same treatment during the pre-pretest period, i.e., had the 


same innedgte pre-history. 


Only one of the pretest measurements used, functional 
residual capacity, could have affected the outcome of the posttest 


measurements, as 100% oxygen was delivered in. the measurement 
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FRC. Thus, this-test was performed first and at least _ 


20 minutes allowed for re-equilibration before other measurements 
were started. Data from another study (Suter, Fairely, & 
Schlobohm, 1975) show a return of FRC, compliance and shunt. to 
baseline within 20 minutes. | 


Finally, as the subjects for this study were critically ill 


_ hospitalized patients, it was not possible ethically to use a 


control group, 4.8, a group from which treatment was withheld 
simply sake of -Because the subject 

matter of the study is of significant importance to those concerned 
in the care of the critically ill, the use of a oa group pretest=- 


posttest design was more than justified. 


Method 


Subject selection. Eight woe patients from the Intensive 
Care Unite at San Francisco General Hospital were selected who | 
had met the yee requirements for admission to vse anit, i.e., 
their for intensive care. In addition, the 
following were Fee of each patient in that 


he or she had: 


“e 


1. an endotracheal or nasotracheal tube in place; 
2. continuous volume controlled ventilation; 
systemic and pulmonary arterial catheters in place; 


4. frequent suctioning routinely performed; 
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investigator and physician in chaebe, to tolerate 
data collection. 

Patients in acute respiratory failure are unable to meet the 
metabolic demands of the body for tissue oxygenation and carbon 
dioxide homeostasis (Shapiro, 1973). Thus, supportive ventilation, | 
and at times oxygen therapy, is indicated. The use of ie endo~ 


tracheal tube allows for control of ventilation as well as for 


ease in the elimination of secretions by suctioning. 


Because there are differences in the delivery of tidal 
volume by various types of ventilators, only patients on volume 
controlled ventilators included in this study... 
ventilators deliver a preset tidal volume, unions the pressure | 
needed for delivery exceeds the setting of the setiies site: 

Thus, the volume is of moderate changes in 


compliance or resistance. Pressure-cycled ventilators, on the 


other hand, are cycled by pressure so that if the resistance 


increases or the compliance decreases, a critical level of 


pressure will be reached atea smaller tidal volume than with 
normal respiratory function (Nunn, 1969). 

Although other variables affecting lung function, i.e.,; 


medications and level of consciousness, were noted by the investi- 


: 5.-a stable enough condition, in the judgement of the | 
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The data gathered was expected to correlate on the basis of 


decrease in lung function regardless of the underlying 


Criterion measures and instrumentation. The criterion 


: measures selected were the most sensitive and reliable measures 
to the measure lung function before, 
during, and after suction. These measures also had the advantage 
of being transportable to the bedside of ke exitically ill 
patient so that che aecting tare was ‘fot interrupted 
‘needlessly. 

FUNCTIONAL RESIDUAL CAPACITY (FRC) was. measured by the 
according to the ee Suter and Schlobohm (1974). A 


description of the method as well as of the validity and reli- 


ability measures performed are presented in Appendix A. 
LUNG-THORAX COMPLIANCE was calculated from translung- 
thorax (tracheal) on a strip recorder from a 
Harvard Apparatus pressure transducer and from tidal yolumes ‘ 
recorded from the output of a wedge spirometer. An average of 

ten respiratory cycles was used for each measurement. 


description of the method used and of the validity and reli- 


ability studies performed on the method can be found in 
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arterial blood drawn from an indwelling femoral or radial 

arterial catheter or from samples of mixed venous blood drawn from 
indwelling pulmonary atterial catheter. Each was drawn 
into a three ml sterile plastic disposable syringe in which the 
dead space and the needle had been filled with aqueous Heparin 
1:1000. Clotting is orwrenked by heparin, and the volume of 
heparin left in the dead space of the syringe has been shown 


to be reasonably constant so that its effect on blood-gas 


tensions and pH may be ignored (Adams, Morgan-Hughs, & Sykes, 1967). 


Immediately after withdrawal of the sample, each syringe 
was. rotated between the palms of the hands to insure mixing 


of the heparin with the blood sample, any trapped air bubbles were 


_ dispelled, and the syringe was capped and placed in a bucket 


of ice. All samples were analysed within approximately one 


“half hour of the time drawn. 


B 


There does not appear to be any serious problem due to 


diffusion of gases through the walls of plastic syringes for 


periods up to one hour (Adams et al., 1967). ‘Oxygen tension . e 


values, however, do decrease progressively with time. “Cooling 


the sample slows but does not stop the metabolic processes 


leading to oxygen utilization (Eldridge & Fretwell, 1965). 
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VARIABLES OF GAS EXCHANGE were obtained from samples of 
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Simultaneous arterial and mixed venous samples were drawn 


by two persons over a one minute period with the use of a stop- 


watch. The rate of withdrawal of the pulmonary arterial sample 


did not incéed 3 ml per minute which is the fastest acceptable rate 
to preclude arterialized Siead (Suter, Lindauer, & 
Fairley, 1975). 

Mixed expired co, was obtained from analysis of the contents 


of a Douglas Bag in which the expired gas had been collected 


for approximately 3 minutes through the usé of a Sierra valve 


connected to the endotracheal tube. Prior to the sample collection, 


the Douglas bag was washed twice with the subjects expired 


gas and volume in the bag returned to zero through the application 


of suction and the rotation of the inlet valve. 
J 


Blood and gas samples were analysed in a specialized 


laboratory adjacent to the ICU by either a laboratory technician ._ 


—or by the research technician. A description ofthe equipment 


‘used and the calibration procedures is included in Appendix C. 


2 


Blood samples were analysed for pH, Poo » and Py at 
STPD and for hemoglobin. *“s were then corrected to each 


subject's temperature and to the barometric pressure at the 
time of the sampling through use of a Hewlett-Packard. #9810 desk 


computer program. The correction calculations are included in 


Appendix D. 
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From the blood gas data obtained, other respiratory variables 


were calculated: A~-aD, (Appendix E), A-VD, , Q.,/Q,, (Appendix G), 
= 


~ and V/V (Appendix F). From the blood gas values and from the 
mixed expired sample, co, production (Appendix H), alveolar 


minute volume (V,) (Appendix I), and cardiac output (Q,) by the 


production method (Appendix J) were calculated. 


Procedure. Each morning the patients in the ICU were assessed 


by the investigator to determine if any met the criteria for the 


study. After having selected a patient, the physician in charge 
of the unit was approached for his consent to conduct the 
 daeestiestton on that patient, according to the regulation of the - 
| University. of California Committee = Human 


(The consent form is included in Appendix K).. The patient was 


then asked for his verbal consent, if he was conscious, or his 
next of kin was asked to sign a consent form. if he was not. 

capable. (The consent form for next of kin is included in Appendix 
L). In addition, a patient information ii a completed on 
each patient (Appendix M). | 


All equipment used in the study was prepared in the laboratory 


and brought to the patient's bedside ready for, use. Calibrations 


were performed at the bedside immediately prior to use. 


All subjects were placed in the supine position, either flat 


Or 


/ 
or no higher than 45° for the entire duration of the study, as 


Rupe 


; 
d 
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position has been shown to affect lung function. In changing from ~~ 
the sitting to the supine position blood flow dtotetbution changes 

in the lungs (West, 1974), the dtipliciaeatic fraction of the tidal 

volume increases (Wang & Josenhans, 1971), and pulmonary extra- 

vascular water increases (Marshall, Teichner, Kallow, dunernat. 


Wyche, & Tantum, 1971). Conversely, in changing from the supine 


| to the sitting position, deadspace increases (Larson & Severinghaus, 


OXYGEN WASHIN was performed approximately one hour prior to 


the suctioning sequence. At the start of the washin, each patient's 


ventilator was changed to one and one-half the maintenance tidal 


of 1.0. Using a multi-stopcock manifold, loaded with heparinized 


volume (not exceeding a maximum of 20 ml per Kg) and to an FI 


an ey serial l ml systemic arterial blood samples were drawn 
at Senge beer intervals for the first minute, at fifteen second 
intervals for the second minute, at thirty second 
quence~-one to control the ventilator and : sae the sampling 
with é ahaha and the other to draw the arterial samples. Each 


2 | 
PRE-SUCTION control measurements were made beginning 


1 ml sample was analysed for Pay 


approximately one-half hour prior to suction in the following order: 


1. Functional residual capacity 
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2. Lung-thorax compliance 


; Mixed expired CO, and minute volume 


2 
4. Simultaneous systemic arterial and pulmonary arterial 


samples. 


_ SUCTION SEQUENCE. A control arterial sample was drawn and 


then the patient's ventilator was changed to a tidal volume of one 


and one-half the maintenance level (the same hyperventilation as 


used for the oxygen washin) and the FI) was changed to 1.0. Using 


a multi-stopcock manifold, loaded with heparinized syringes, serial 


systemic arterial samples were drawn during the sequence. The 


endotracheal suction, at 10 second intervals during a 30 second 


pericd of post-hyperinflation with 100% 0. and 30 second intervals 


for the next minute and then at one minute intervals for the 


next 3 minutes. 


~ The suctioning sequence was held standard for all subjects 


and simulated that.which is common practice in a number of 


Intensive Care Units. Although some procedures “for suctioning 
specify the use of an anesthesia bag for the delivery of hyper- 


inflation with 1007 9, before and after suction, the ventilator 


_was used for this study in order to have control over the volume 


oye...” 


delivered. Also, even though in some settings several periods of 


suctioning are performed in rapid succession, in this study only 


| 

first sample was drawn at the end of 30 seconds of hyperinflation 

with 1007 0,5 and then at 5 second intervals during 20 seconds of 

| 
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of several sequences superimposed upon one another. | ; | rh 
POST-SUCTION measurements were begun immediately after the 
éessation of the suction sequence and lasted approximately one 
half hour. Measurements were made in the following sequence: 
samples. 
2. Mixed expired co, and minute volume. 


4. Functional residual capacity. 


one suction period was used ‘in order not to have a multiple effect — 


| 
} 


a 
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CHAPTER V 


RESULTS OF THE STUDY 


: Results of the study are speed four sections. The 
first section illustrates the nature of the eight sample patients. 
Three subsequent sections present findings related to each of the 
objectives of the study: (1) the magnitude of changes of specific 
hemodynamic and respiratory variables which occur during and 
after endotracheal aspiration; (2) the correlation between the 
magnitude of hemodynamic and respiratory changes during and after 


endotracheal aspiration and their physiological status prior to 


- aspiration; and (3) the Safety of a standardized period of pre- : 


oxygenation time. 


The sample for the study consisted of eight subjects who were 
a five month period from patient population of 
the Intensive Care Unit of San Francisco Ceneral Hospital. Each 
subject selected met the five criteria for selection in that he 
or she had: (1) an endotracheal tube in place; i cee 


volume controlled ventilation; (3) systemic and pulmonary arterial 
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catheters in place; (3) frequent suctioning routinely performed; 


and (4) a stable enough condition, in the judgement of the 


investigator and physician in charge, to tolerate the data 


collection. 


Sex 


Five men and three women comprised the sample for 


this study. . 


Age 
Ages of the sample ranged from 23 to 82 years with a 
of 55.5 + 19.4 Dy: Male subjects’ ages” 
ranged from 23 to 82 years with a mean age of 54.8 * 25.2,° 


while female subjects‘ ges ranged from 50 to 64 years with 


a mean age of 56.7. 


Os ee in the study were in acute respiratory 
failure, i.e., they had a "disorder of the eee eee 
mechanism severe enough to Ss arterial blood gas abnormality" 
1976). In addition, three had suffered 
multiple trauma which had resulted in numerous fractures among 


which were rib fractures. One of these multiple trauma patients 


had a hemopneumothorax and another atelectasis. Two patients 
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were diagnosed as having pneumonia. One who had overdosed on a 


variety of medications had aspiration pneumonia, and the 
other had pneumonia frou negative diplococci. Another 
hat bilateral pleural effusion. 

: Three subjects were post-operative from exploratory. 
laparotomies. One of these had an abdominal abscess drained 
which had resulted in aii. while the other two had negative 
abdominal findings. 

All the had numerous medical problems 
besides those.of tespivatery origin (See Table 1). These 


problems, although indirectly affecting respiratory function, 
' remained constant throughout the measurement period on 


: each subject. All subjects, except the first one studied, 
had disease severe enough to cause death later in their 


® 
ICU course. 


Ventilatory Status 


Baseline measurements were made with the same ventilation 
at which each patient was being maintained prior to the 
- study, i.e., that at which optimum arterial oxygen and 
carbon dioxide levels for that patient were maintained. All 
subjects were mechanically ventilated on controlled paid in 
tion at levels of oxygen above room air though none was 
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Table 


Descriptive Data on Subjects 


Subject Sex Age 


_Etiologic Factors Leading 


Respiratory Failure 


56 


6 M 23 


7 


8 


i 


rheumatoid arthritis, and 
pericarditis 


Pneumonia, atrial fibrillation, 
and fever 


Multiple. trauma: rib fractures 
with right hemopneumothorax, 
occipital skull fracture, 

right clavical fracture, 
occipital laceration, glycosuria, 
hematuria and ovuria; ‘puleonary 
hypertension, and hypertension 


Laparotomy and drainage of 
abscess, septicemia, renal fail- 


ure, metabolic acidosis, and 


hypotension 


_& 


Bilateral pleural effusion, 


metabolic acidosis, congestive 
heart failure and atrial fibrilla- 
tion, and liver disease with. 
jaundice 


and aspiration pneumonia, 


‘and lacerated right wrist 


Multiple trauma: third left 
rib fracture, atelectasis, left 
parietal skull fracture, ulnar 
fracture, gram negative septic 
shock, possible 
infarction 


Multiple trauma: left rib fracture, 
-left tibia fracture, negative 
laparotomy and cirrhosis with 

DT's 3 


) 
| 
| 
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higher than 50 per cent 0, (See Table 2). The Ohio 560 ventilator 


was used in all cases except one in which the Searle ventilator 


Arterial carbon dioxide..tenatons en below 35 torr in 
all subjects, with the lowest being 25 torr. Only two. 
iilhitaiias had baseline arterial oxygen tensions above 100 torr. 
One st Seben, absent 3, had an arterial oxygen tension of 
‘ee torr on 50 per cent inspired oxygen. 

Cavdio-~peaptestoty variables calculated from the systemic 
and pulmonary artérial gas values are summarized in Table 3. 
Ae taacline all subjects showed some degree of intrapulmonary 


shunt (dya/Or) ranging between 13 and 53 per cent of cardiac 


output. the difference between alveolar and arterial 


aaa tensions (A-aD0>) ranged from 124 to 262 torr, while 
the difference between arterial and venous oxygen contents 


_(a-vD09) ranged from 2.7 to 6.1 mlZ. Physiologic dead 


Space ranged from 30 to 50 per cent. of tidal volume. 
Functional residual capacity in all. was 
below the for age. sex, and 


area (Comoe et al., 1962, ps 325) (See Figure -1).. Values. .« 


ranged from 1251 ml to 3174 ml. _ Lung-thorax compliance 


.. measurements 25 to 66 cm H90. 
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Table 2 


Baseline Ventilation of Subjects ieee 


Subject Ventilator FIO, (em/t,0) 
1 65 .: 0 90 
Ohio 560 0.50 13.2 10 53 35 
8 Ohio 560. 0.38- 9.8 


4End expiratory pressure 
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Subjects’ Baseline Respiratory Status* 
Subject Vp/Vr A-aD02 a-vD07 Qya/Qp FRC 
(torr) (m1%Z) (m1) (ml/cm H50) 
i” 2440 26 
6 
| : 
7 2.2 0.14. 1518. 66 
gc im? 37 33 
- _ Mean + SD 


| deadspace (Vp/V7) and intrapulmonary shunt 
(Ova/Qr) are expressed as fractions of tidal volume and. total 
cardiac output respectively. Alveolar-arterial oxygen tension 
difference (A-aD0 is expressed in torr. 


bsubject's pulmonary arterial line became non-functional 
so that no mixed venous gas values were available. 


“No FRC measurements were made on this subject because of 
equipment malfunction. 
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Measured FRC (ml) 


6000 


0 


40007 


3000 


1000+ | 


2000 5000) 6000 
Predicted FRC (ml) 
Figure 1. Resting FRC measured on each subject 


compared with predicted normal supine value. In all. 
cases the measured FRC was lower than the predicted. 
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All subjects had indwelling Lanz Controlled Pressure 
Cuff Endotracheal Tubes. = was performed through Bard 
Parker #14 F. suction catheters connected to wall suction in 


the Intensive Care Unit. Ratios of the external diameter 


of the suction catheters to the internal diameter of the 


endotracheal tubes are presented in Table 4. In this study, 
the ratio of the external diameter of the suction catheter | 

to cha diameter of the endotracheal tube 

from 0.33 to 0.43, below the 0.5 ratio recommended as safe 

to prevent the developnent of negative pressure in the trachea 


(Rosen et al., 1962). 


Suction was measured in liters per minute of flow through — 


an unoccluded catheter by attachment to a Wright Spirometer. 


Flows ranged from 16.8 to 30.1 L/minute. This variation was 


due to the different suction apparatus used. There was no 


significant statistical correlation between the per cent 
change in arterial oxygen tension during suction and the flow 


rate of the suction catheters. 


53. 
Intubation 

e 
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Table 4 


Conditions of Suction 


Subject suction catheter’ Suction (L/min.) 

| A | 0.43 | 16.8 

— 0.33 | 31.0 

A | 25.0 

5 0.38 - 19.2 

6 0.43 96-6 — 


aExternal diameter of the suction catheter _ 


Internal diameter of the endotracheal tube 
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Results Related to Objective 1 


Objective 1 
: The first objective of the study was as follows: 
To determine the magnitude of changes of specific 


hemodynamic and respiratory variables which occur during and 


Data for eight subjects from baseline and post-suction 


measurements were compared using paired t-tests (Table 5). 


The only significant changes found were an increased arterial 


oxygen tension after suction (p< 0.05). Changes in all 


_ other variables studied were found statistically non- 


; A number of variables remained relatively unchanged 


between measurements made before and after suction, i.e., 


arterial and mixed venous pi and arterial carbon dioxide 
and bicarbonate levels. Mixed venous oxygen 
same in one, and decreased slightly in one subject. The 
saturation of arterial oxygen rose in all subjects, although 


this rise was not statistically significant. Mixed venous 


oxygen saturation similarly rose in all subjects, except one 


| where it fell slightly. Arterial oxygen content rose or 


55 
after endotracheal aspiration in patients with acute respira- 
tory failure. 
fp 
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56 
Variables Waanned Before and After Suction® 
| Mean and Error | 
| Pre-suction Post-suction . Difference 
PHa 7 7.434 0.05 7.43+ 0.04 0.00 
Pac, 7 29.86 1.24 29.144 2.96 0.72 
Pad, 7 85.004 12.72 96.43+ 14.48 -11.43%* 
Sa0, 7 91.804 3.41 94. 2,22 
2 7 49.854 1.80 18.924. 1.92 0.93 
O>~content” “1255+ 0.50 - 9.19 
7 7.39+ 0.04 7.404 0.04 0:01 
PvCO, ‘734,004 1.50 30.294 2.51 
61.05 4.71 67.694 2.29 6.64 
7 20.574 1.71 18.53¢ 2.15 2.04 
content 7 8.30+ 0.52 8.60+ 0.55 
a-wDo, 4.05+ “0.56 0.08 
A-aDo, 7 191.034 17.45 182.204 16.61 8.83% 
Or 0.06 0.254 0.06 - 0.01 
Vp/Vq 7 0.40+ 0.04 0.45+ 0.06 - 0.05 
Veo, 7 228.70 35.26 214.094 43.26 14.61 
FRC 6 1913.204303.00 1833.304318.30 79.90 
Cor 8  40.62¢ 5.53 41.62 6.11 - 1.00 
Or 3.20 


* Significant @ 0.05; ** significant 
2 Values obtained from simultaneous samples drawn before 
and after suction. 3 


@ 0.005. 
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remained the same in all subjects, while mixed venous 


oxygen content rose in six subjects and fell in one. Mixed 


venous carbon dioxide tension fell in all subjects, except 

one, suction. 
Physiologic deadspage increased aftac suction in five 

subjects studied and decreased in two. Arterial-to-venous 

oxygen tension and intrapulmonary shunt both decreased 

and increased after suction, so that mean values for each 


remained the same. Cardiac output (by Vco9) decreased in 


all subjects, except one, after suction. When data from 


that one subject (who had an exceptionally high cardiac | 


output of 16 to 26 L/minute) was not included in the = 


analysis, there was a statistically significant decrease in 


cardiac output after suction (p <0.025).— 


Functional residual capacity and lung thorax compliance 


_ both increased and decreased after suction. There was 


no pattern of similar increases or decreases between them. 


‘ 
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_ Findings 


Objective 2 


The gecond: objective of was as 

To investigate in patients with acute respiratory failure | 
between the magnitude of changes in hemodynamic 
and respiratory variables during endotracheal aspiration and 


their status prior to aspiration. 


_ Arterial oxygen tension was significantly’ increased 


-after suction over baseline values (p<0.005). Alveolar-to- 


arterial oxygen difference was significantly decreased 


(p< 0.05). There was no significant change in any other variable 


studied when pre-suction and post-suction values were compared ee 


with a paired t-test (See Table 5). | 


Arterial oxygen tension was measured also from serial 


blood samples drayn during the suction sequence: baseline, 


hyperinflation with.100 per cent xygen for 30 seconds, 
suction for 20 seconds, hyperinflation with 100 per cent oxygen 
for 30 seconds, and return to maintenance. An example of one | ; 


series of arterial oxygen tensions during the suction © 


“sequence of one subject (Subject 1) is shown in Figure 2. 


In this subject arterial oxygen tension did not fall below ae 
baseline during the entire suction sequence. | 


Findings Related to Objective 2 


r) 


Arterial oxygen tension (tor 


—~ 400 


300 


SUCTION 


HYPER- HYPER- 
~ OXYGENATION | OXYGENATION 


UMI 


O 


20180 240 300 
Time (Sec.) 


. Figure 2. A series of arterial blood oxygen tensions during 
the suction sequence of one subject (Subject 1). In this subject 
whose resting FRC was 89% of the predicted normal supine value, Pa0. 


rose 26 torr during the pre-hyperinflation with 100% 05, rose 104 


torr during the 20 second suction period, fell 60 torr during post- 
hyperinflation with 1007 055 and remained 11 torr above baseline 


after 3 1/2 minutes of maintenance ventilation. . 
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In order to identify a clinical measurement which would = © 
dl 


predict the change in Pad, during the suction sequence in a 


particular subject, a number of variables were examined which 


were thought to affect the change in arterial oxygen tension | 
during the suction sequence. These variables were examined in 
relation to the per cent change in Pad, abring the suction 


~ gequence after the initial period of hyperpreoxygenation and 


The per cent change in Pad, during the suction | 


sequence was calculated as follows: 


Pad, at lowest point 

100 - 100° = change in 
PaO,‘ at baseline 

suction sequence. 


Percentage changes in PaO, values for each subject are presented 


in Table 6. Values range from -29% to +88% in the eight subjects 


studied... 
Only two cardio-respiratory variables measured were 


significantly correlated to the per cent change in PaO, during 


2 


F oxygen washin after 30” 


the suction sequence--the per cent o 
seconds and the rate of washin of Phases I & II of the oxygen 


washin curve (See Table 7). 9° 
Since the standard period of hyperinflation with 100% 
oxygen prior to suction in this study was 30 seconds, the per 


cent of total washin at thirty seconds was calculated 


> 
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Table 6 


Per Cent Change in Arterial Oxygen’Tensions | 


. During the Suction Sequence 
Subject Baseline Lowest Per Cent Change in 
PaO, PaC, 
5 76 +29 
7 109 143 +31 
8 | 47 >. 
43.1 


Mean + s.E. 86.2 + 11.2 110 + 19.6 


“Using the baseline Pad, as 100%, per cent change in 
PaO, during the suction sequence is’expressed as a value plus 
or minus baseline and calculated as gt 
at lowest point 
Pad, at baseline 


X 100 - 100. 
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Correlation Coefficients (r) between Variables 
Thought to Affect Arterial Oxygen Tension During ~ 
the Suction Sequence and the Per Cent Change in > 


Arterial Oxygen Tension 


Variables | Correlation Coefficient to 


Measured | % Change in Pad, During 
| Suction Sequence 
-0.513 
Sa0, 0.413. 
A-aD0, 7 -0.227 
Qya/Qp  -0.400 
Cid 7 -0.314 
Vatv./m2 7 -0.534 
FRC as % 7 : 0.628 
predicted 
Specific a 0.338 
Rate of Washin 
Phase I & II 8 ~ 0.719% 
Phase II 8 0.611 
Phase III 8 | | | 0.001 
% Washin of 05 0.799% 
at 30 seconds 
* Significant @ 0.05 
aid 
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Table 7 


PaO, at 30 seconds 


. X 100 = %washin at 30 seconds 
Pad, at peak level 
Data for this variable, the per cent washin at 30 iiubede: are 
presented in Table 8. In the subjects studied the per cent 
_ washin at 30 mainte ranged from 27 to 69 per cent. 
To determine if the per cent washin at. 30 seconds was 
a predictor of the per cent change in Pad, during the suction 
sequence, a correlation and least squares regression wh 
performed. The per cent washin at 30 seconds accounted for 3 
64 per cent of the variance of the per cent change in 
arterial tension during the suction sequence 
(r2 = 0.638, p <9.01) and in the the 
_ per cent change in PaO, during the suction sequence according | 


to the regression formula: 


% change in 
during the fwaghio .. (+5623) 
suction sequence. at 30 seconds 
(See Figure 3) 
‘The other variable which was significantly correlated to 


the per cent’ change in PaO, during the suction sequence was 


the rate of washin of oxygen of Phases I and II combined. (An 
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Table 8 


Per Cent of Oxygen Washin After 30 Seconds of 


Hyperventilation with 100 Per Cent Oxygen* 


Subject. Pay at at O09 washin 


30 sec. peak at 30 sec. 
3 196 ! 376 52 
5 | 36 
8 237 27 
Mean + 131 + 23° 312 31 


aHyperventilation was at one and one half the maintenance 
tidal volume for each subject... Timing of the 30 second period 
started when the ventilator of each subject was changed to hyper- 
as ' ventilate at 100% 0). Thus, the 30 second time period included 
both system lag time in ventilator change over and circulation 
lag time of each subject. 
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r=0.799 
p< 0.05 
Cc 
= 60r 
= 
o 
ne) 
o 2OFr 
2 207 40x 60 60 100 


Figure 3. The relationship between .the per cent 
of oxygen washin at 30 seconds and the per cent change 
‘in PaO) during the suction sequence. The % washin at | 

PaO» at 30 seconds 
30 seconds = : : X 100. The Z% change 
| PaO) at peak level 
in PaO. during the suction sequence = 
at lowest point 


xX 100 - 100. 
at baseline 
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explanation of the derivation of Phases I and II will be presented = =~ 


| in Section 3 of this bce. The rate of waehin of Phases I and 
II accounted for 52 per cent of the variance of the percent 
change in PaO, during the suction sequence = 547} ‘tn the 
subjects Studied, the per cent change in PaQo during the suction 


sequence can be predicted according to the regression formula: 


| | 
3 : % change in PaO, rate of | 
during the | = 19.9 washin of + (-14.8) 
suction sequence | Phases I & II : 


(See Figure 4) 
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Figure 4. The relationship between the rate of 
oxygen washin of Phases I and II (A Pa09/second) and . 
the per cent change in PaO» during the suction sequence. 
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Findings Related to Objective 3 


Objective 3 


The third objective for the study was as follows: 

To determine whether a standardized length of preoxygena- 
tion time provides adequate safety during tracheo-bronchial 
suction or whether a“clinical index, e.g., compliance, would 
serve as an appropriate guide to the length of time necessary 


to prevent hypoxemia. 


Findings 


‘In order to whether a thirty second period of 
_-hyperinflation with 100% oxygen is adequate to prevent hypox- 
emia during tracheo-bronchial suction, the ventilation and 
circulation were evaluated by measuring arterial 
oxygen tensions during a five minute period of hyperinflation 
-—with 100% oxygen at one and one half the maintenance tidal 
volume. 
Oxygen washin data for one subject: (Subject 1) are 
presented in Figure 5. Using the highest arterial oxygen 


tension recorded as 100 per cent washin, this subject reached 


100 per cent washin at 3 minutes and 69 per cent of the total 
washin at 30 seconds. The washin time was measured from the 


point at which the ventilator was turned from maintenance 
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Figure 5. Oxygen washin curve for Subject 1.. Arterial. 
oxygen tension reached its peak level at 3 minutes of washin 


(100%). By the end of the conventional 30 second washin prior 
to suction, it had reached 69% of total washin. 
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tidal volume to one and one halt and the inspired 


oxygen tension from maintenance to 100 per ‘cent. Thus, the 
reflect patient factors, including 
ventilator. plead space washout , PRC, minute ventilation, 


Gales Ors On lung Ny, blood Ny, and respiratory 


quotient. 


The washin of oxygen at 30 seconds was compared to 


the total washin of oxygen for each subject. Results are” 
presented in Table 8. The per cent washin as measured 


by arterial oxygen tension levels was calculated by: 


PaO at peak’ level 


In the sdbiecdll studied the per cent it washin at at 30 seconds 
ranged from 27 to 69 per cent. | | | 
“Because the “98 of oxygen washin reflect 

both the seen a time of the ventilators used and. the 

g- ‘ circulation lag time of each subject, data for oxygen 
washin were further analysed in order to determine factors 
which affected each stage of the entire washin process. 
“Since washin curves are seat exponential, in order to 


facilitate analysis by linearizing the 05 washin curves all 


arterial oxygen tensions were converted to their iéecsithes 
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PaO» at 30 seconds | 
100 = % washin at 30 seconds 
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The oxygen washin curves had four distinct components, | 


as exemplified by the oxygen washin curve for Subject 3 


(See Figure 6), though each patient's curve did not necessarily 


contain all four components. These components were divided 
into phases: Phase plateau; Phase II-- the 
fast filling component; Phase III--the slow filling | 
component; and Phase IV--the reabsorption component. 


Phase I. Since timing of the oxygen washin began 


with the change of the ventilator to hyperventilate 


at 100 per cent oxygen, the first phase of the oxygen washin 


curve in some subjects consisted of a plateau in arterial 
oxygen tension before the increased oxygen tensions were 


apparent at the sampling site. This sampling site was the 


same for all subjects measured--femoral arterial catheter. 


The same amount of plastic tubing was used for each 


subject in connecting the femoral catheter to the serial 


stopcocks and syringes. 


Phase II and Phase III. Curves for all subjects 


exhibited both Phase II and Phase III. These data indicated _ 


that. the lungs behaved as if composed of two compartments 


ventilating at different exchange rates, a fast exchange 


compartment (Phase II), in which in the eight subjects studied | 


ventilation was measured by change in PaO» at a mean rate 
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Figure 6. Oxygen washin curve for Subject 3, 
showing all four phases of the washin: Phase I-- 
the initial plateau; Phase JI--the fast filling — 
component; Phase III--the slow filling component; 
and Phase IV--the reabsorption component. 
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exchange compartment (Phase III), in which in the subjects 


studied ventilation as measured by change in PaQ> at a 


Phase IV. Observed in only two subjects, Phase IV 
represents a decrease in arterial oxygen siiachiin during 
3 che: Satter portion of the five minute oxygen washin 
curve. at a mean rate of -0.15 + 0.13 -(APa0y/second) . 


Predictors ofthe rate of washin. In order to 


identify a clinical measurement which would predict the 
rate of washin to be expected in a particular subject, ‘a 
of variables were examined which to 
lucnce Che Washin of 
“examined in relation to the rates of washin in Phases I, 
II, and III (See Table 10). — ; 
| Phase I and Phase II were combined because although 
Phase I was determined by both a ar eh and circulation 
lag aes its duration definitely affected the start of 
the rapid washin phase (Phase II), and because Phase I alone 
did not encompass the entire 30 second standard hyperpre- 
oxygenation time. 
Three variables were negatively correlated with the 


rate of washin of Phase I & II-- FIO), A-aD05, and Qn 


(See Table 10). The lower the starting inspired oxygen 
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7 
mean rate of 0.28 + 0.03, (APa09/second) (See"Table 9).° 
| 
> | | 
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Rate of Change in Arterial Oxygen Tension 
in Four Phases of Oxygen Washin (APa0,/second) 

| Phases 

Subject 

I II III IV 

1 0 4.47 0.32 -0.14 
2 ; 0 2.49 0.24 0 
3 -0.65,,.. « 0627 -1..06 
0 0.67 0 
5 0 1.24 0.25 0 
2.83 0.36 
7 0.30 2.66 0.23 0 
8 0.17 1.53 0.39 


Mean + SE -0.001 + 0.1 2.38 + 0.43 0.28 + 0.03 -0.15 + 0.13 
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“concentration (See Figure 7), the lower the starting 
| ~~ alveplar-to-arterial oxygen tension difference (See Figure 8), 

a | ~and the lower the starting shunt fraction (See Figure 9), | his 

|  * faster the oxygen washin of Phases I & II occurred. 

These three variables accounted for 65 per cent, 75 per cent, 


and 62 per cent respectively of the the variance of the 


pate of washin of Phases I & II (See Table 11). 
‘When the combined effects of FIO9 and A-aD05 were 


regressed on to Phase I & II, according to the regression 


a @ 
formula calculated from the data of seven subjects: y ’ 


Rate of Washin 
of Phases IT & II = ~0.01 (A-aD05) + 3.7(FIO,) * 
(APa0./sec.) 


[r = 0.78, p <0.05] 


* A-aDO, and dya/Qp/tdkether accounted for 86 per cent of the 
variance of Phases IL & II (p <0.02), according to the regression 
formula calculated from the data: 


of Phases‘I & II = -0.01 (A-aD09) + -1.93 (Q,,/Qp) + 4.03 
| 
(APa0,/sec.) 
Thus, the best single indicator of the rate of washin of . 
‘ _ Phases I & II. was the A-aD09 (r2 = 0.75, p <0.05). The best 
combination of indicators of the rate of washin of Phases I & 


II were, A-aD04 and (x = 0.86, p <0.02). 
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Figure 7. The relationship between starting . 


inspired oxygen concentration (FIg.) and the rate 
of washin of Phases I & II. 
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| Figure 8. The relationship between starting 
alveolar-to-arterial oxygen tension difference 
(A-aDO») and the rate of washin of Phases I & II. 
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Figure 9. The relationship between the starting shunt 


fraction (Qya/Qr) and the rate of washin of Phases I & II. 
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 and- ip combination with the rate of ‘washin of Phase It. “only. 


and and the rate of washin of Phase II, 


to the regression formula’ from data calculated for 


When variables-measured prior-to-washin were correlated 
with the rate of washin of Phase II alone, A-aD07 was the only 
variable with a significant effect on Phase II (See Table 10). 


Subjects in whom the starting A-aDO7 was low had faster 


washins during Phase II (See Figure 10). All variables 


measured prior to washin were correlated i ale eee Table 11). 


had a significant with Phase II. 
venieliiia calculated for the A-ab02 and the rate of vashin 


of Phase Il, according to the Tegression tevwla was: 
| | 
of Phase II = -0.016 (A-aD05) +. 5.31 
=, 0: 72, p <0. 02] 
‘When a multiple regression was ‘calculated between the 
combined attecte of: variables measured the 


rate of washin of Phase. II, only the combination of A-aD09 


FIO9 was Significant. A calculated 


of Phase II. = .-0.023 (A-aD0>) + 7.9 (FIO9) + 3.158 


° 


[r = 0.84, p <0.025] 
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, : Figure 10. The relationship between the starting 
alveclar-to-arterial oxygen tension 
and the rate of washin of Phase It. ; 
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’ the rate of washin of the slow component (Phase III) (See Table 


10). The smaller the deadspace ratio, the faster the rate 


of washin occurred during Phase III (See Figure 11). During» 
- Phase III, the deadspace ratio accounted for 69 per cent of 


the variance in the rate of washin of Phase III (p <0.05), 


according to the regression formula calculated from the 
data of seven subjects: 


of Washin | 
¢... of Phase III = 0.638 (Vp/V7) + 0.528 
(APa09/sec.) 


Variables measured prior to the oxygen washin were 
compared (See Table 12) to determine if there were correlates ~ 
which could be used as pre-washin descriptors of the subjects 


studied. There were no statistically significant correlations 
between variables that could be used as predictors ta Cha’ = 


subjects studied. 


Summary of Results 


Eight subjects requiring acute respiratory 
failure were studied over a five month period in eviews to 
identify the physiologic determinants ot method of 
endotracheal aspiration. In order to determine the waenitade 


of changes of specific hemodynamic and respiratory variables 
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Figure 11. The relationship between 
starting Vp/V_7 and the rate of washin of Phase III. 
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the eight subjects basdtine and | post-suction measurements 
compared using paired t-tests. ~The only 


changes’ found were an oxygen tension after 


suction (p<0.005) and a decreased alveolar-to-arterial 


oxygen tension difference (p <0.05). Changes in all other _., ok 


h 


variables. were found ‘statistically non-sign at. 


| In order to sovasticate the correlation between the 


magnitude of changes’ in hemedynamic and respiratory variables 


during endotracheal aspiration and their status prior «to 


aspiration, oxygen tensions, measured from serial 
samples drawn during the suction sequence, were compared to 


baseline cardio-respiratory variables. Only two cardio- } 


respiratory variables measured were significantly correlated 


\ 


to the per cent change in arterial oxygen tension during 


the ‘suction sequence--the per cent of oxygen washin after 


30 seconds (r = 0.799, p <0.05) and the rate of washin of 


Phases I and II combined (r = 6.719. p< 0.033. 


In order to determine whether a standardized length 


of pre-oxygenation time provides adequate safety during 


.tracheo-bronchial suction or Mipther a clinical index would 


serve as an appropriate guide to the length of tine -assesoany 


* to prevent hypoxemia, a five minute period of ioe washin 


was performed on each. subject and four phases of washin 
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oxygen tension was the single best indicator of the rate of 
washin of Phases I and II combined (x? = 0.72, p< 0.016) and 


of Phase II cme 0.75, p < 0.01). The combined 


effects of alveolar-to-arterial oxygen tension differences 


and shunt were the ‘inde indicators of Phases I and II combined 


(3 = 0.86, p< 0.02), while alveolar—to-arterial oxygen 


tension difference and the fraction of inspired oxygen Ware -the 
best indtegedre of the rate of width of Phase II alone 

(x2 = 0.84, p< 0.025). The deadspace ratio was the best 

single indicator of the rate of washin of Phase IIT (r = ooo 


p < 9.05). 
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~. CHAPTER VI 


DISCUSSION 


,& nee eee Endotracheal aspiration is known to be a hazardous 


‘procedure though it is an effective means of. eliminating 
copious secretions in With 
failure. The purpose of this study was to explore the 
sipetelonical determinants of a clinically successful ay 
method of endotracheal. aspiration ta with 
respiratory failure. Three sblectiven were specifically 
devised to achieve this purpose: (1) determination 
of the magnitude of changes of specific hemodynamic and 
. ices variables which occur during and after endo- 
aspiration; 2) of the correlation 
‘the magnitude of and respiratory 
changes during endotracheal and their physiological 
status prior to aspiration; and (3) determination of 
whether a standardized length of preoxygenation time provides 
adequate safety during tracheo-bronchial aspiration or 
whether a clinical index, e.g., compliance, would serve .as an - 
appropriate guide to the length of preoxygenation bins 


necessary to prevent hypoxemia. Discussion of the results 
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‘Fell et al., 1971; Schmidt, 1966; Stephen ct al., 1951; 


Objective 1 


Determination of the magnitude of changes of-specific _ 
hemodynamic and respiratory variables which occur during 


and after endotracheal aspiration. 


_Decreased tension has been reported 
during and after endotracheal in a wide variety. 


of subjects (Berman ct rae 1968; Boba et al., 1959; 


_ Boutros, 1970; Boutros et al. , 19675 Downes et al., 1961: 


Taylor et 1971). ‘Several nechaniene may responsible 


for this decrease: ns dilution of the alveolar gas 


with air in instances where the inspired oxygen tension is 


greater than room air; second, apnea in patients requiring ™* 


constant artifdcial ventilation; and, third, atelectasis 


resulting From the of intra-airway negative pressures . 


with and accompanying increase in shad and alveolar- Covarteties 
oxygen tension difference. ne 

Clinical the do not substantiate 
this hypothesized decrease in arterial oxygen eta: Though 


a wide variety of, hemodynamic and. respiratory variables were 


investigated, paired t-tests did not demonstrate significant 


of this study will be presented according to s 
| 
| 
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between before and after measurements except in 


3 Pad, increased after suction and A-aD05 decreased post- 


90 
= 


Pa9 and A-aD0, which were significantly improved, i.e., 


‘suction. These findings are in contrast to those of Schmidt 


(1966) who found the expected increase in cardiac output ° 


and in stroke volume after suction as well as a decrease in 


Although all subjects studied were ventilated 


inspired oxygen concentrations above room air (See Table 2) 


and would have been expected, therefore, to have had lung 


air diluted with room air during the process of endotracheal 


aspiration with a resultant decrease in arterial ieokee 
tension, the arterial oxygen 
tension increased heap suction. Likewise, the gradient 
between alveolar and arterial pone tensions decreased. 


Secondly, each subject studied experienced a 20 


second period of apnea during the time in which suctioning 


was performed. During this period while the lung store of 


oxygen was being depleted and not replaced, it was expected 


that arterial oxygen tension would have decreased, but the 


clinical data do not support this expectation. s 


Thirdly, it was possible that the development of intra-~ 


airway negative pressures might have resulted in atelectasis 
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shunt and-alveolar-to-arterial oxygen tension _ 


differences. Clinical data, however, demonstrated no 


significant change in lung-thorax compliance nor in functional 


residual capacity. Moreover, neither cardiac output nor shunt 


showed any significant change. These clinical measurements 


woyld have reflected the occurrence of atelectasis. Alveolar- 

to arterial oxygen tension difference, however, improved after 

endotracheal aspiration, further indicating that no atelectasis 
‘ J 


had occurred. 
These findings are opposite to those of Brandstater 
et al. (1969) who found decreased compliance in mechanicall 


ventilated infants after suction. They suggested that 
air responsible for this decreased 
compliance. In their study compliance was returned to 
normal by sustained hyperinflation after suction. Likewise, 
Egbert et al. (1963) demonstrated that although compliante 
decreased after suction, several deep inflations were 
sufficient to Subjects in whom they were able to 
remove secretions from the trachea during suction had 
compliance improved over baseline values. 

Thus, in present“Btudy, the standardized suction 

sequence used was’ adequate fot only to.prevent decreased 


arterial oxygen tension after suction but to improve it. 
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ere 


hese-arterial oxygen tensions were measured from blood samples 


Bi! drawn before the 30 seconds of hyperinflation with 100 per cent 
oxygen pitor to suction and after the 30 seconds of hyperinfla— 
tion with 100 per cent oxygen post-suction. These two periods 

of hyperoxygenation appear to have been sufficient to’ show im- 
proved oxygen tension at the end of the data collection period. 

In addition, it is possible that subjects who had copious 
secretions blocking airways had after 
these secretions were removed by suction. This improved | 
ventilation may have contributed to the improved arterial oxygen 


improved arterial oxygen tension and ~~ 


improved stcuutse-tonaleertelonekee tension difference, it 
would have been expected that a concomitant improvement | 
in arterial oxygen tension, he oxygen saturation of both the | 
arterial and venous blood, and the content of oxygen ne both 

arterial and venous blood might have occurred. 
were not significantly different may be a result of the small ~ 
sample size studied. In addition, the saturation of the 
hemoglobin may not have been affected in that only one oon 
subjects ee er was on the steep slope of the oxygen-hemoglobin 

* dissociation curve’ (See Table»6 ) (Comroe et al., 1962). 


Thus, even though all subjects studied showed increases both 
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the in arterial oxygen saturations were not great 


“gnough to. be statistically significant. 


Another possible outcome of endotracheal aspiration is 


atelectasis resulting from the development of intra- 


airway negative pressures. This atelectasis can be manifested 


UMI 


: by a decrease. in lung-thorax compliance and by a decrease in 


0. 5 (See Table. 4) 


functional residual capacity as well as by an increase in | | ’ 


venous admixture. One common cause of increased intra-airway 
“negative pressure is impaction of the suction catheter into 


the endotracheal tube. Since, in th sestudy, the recommendations 
Sof Rosen et Ae 962) were tollowed so that no subject had 


a ratio of externa of the suction catheter to 


the. internal ataneter of the endotracheal tube of ‘greater chee 


way 


't is , possible that no intra-airway negative 
pressure sufficient to cause atelectasis was created. 
m A number of variables which indicate the steady-state 
of the subjects expected to change after suction, i.e., 
arterial and mixed venous carbon dioxide tensions and nikon. 
dioxide sroduerion and- the ratte 
As predicted there was no significant change in these 
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Summary of the Results of Obj ectivel 


Determination of the magnitude of changes of specific 


hemodynamic and respiratory variables which occur during and 


of a large’ number of hemodynamic and respiratory variables 


‘before and after a standardized suction sequence which included 


‘two thirty second periods of hyperinflation with 100 per 


cent oxygen. Before and after measurements of these variables. 
were compared through paired t-tests with the result that the 
‘subjects studied showed improved arterial oxygen tensions and 


improved alveolar-to-arterial oxygen tension differences 


- after the suction sequence. It was suggested that the two 


“periods of hyperinflation with 100 per-cent-oxygen before 


and after the actual period of suction were sufficient to 


show an end net result of improved arterial oxygen tension 


"and alveolar-to-arterial oxygen tension differences. 
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after endotracheal aspiration was made through the measurement 
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‘Obj ec tive 2 


tigation of the correlation between the 
of hemodynamic and respiratory Urine endotracheal 


. aspiration and their physiological status prior to 


aspiration. 


In order to identify a measurement which 
the ‘change arterial oxygen tension 
suction, a number of variables were examined which were 
thought to the change in arterial. oxygen tension 
during the wiction It was chat sub- 
jects with low initial resting Lung volunes (control FRC) bight 
“require Tess Levee to washin oxygen prior to endotracheal 
aspiration than with large resting Lung volumes. As 
aii was replaced by air during the actual suction process, 
those patients with small FRC's would develop decreases in 
lung It was hypothesized that low 
-lung-thorax compliance, would serve as a clinical indicator 
of those subjects who would experience the ereatert decreases 
in arterial oxygen tension during the suction sequence. 
@linieal care did” not-demonstrate significant correlations 


between either FRC or COMP and the change 


in arterial oxygen tension during the suction 
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Table 7). -FRC as a pat cent of the predicted value did sie 

“a positive correlation to the per cent change in arterial 

| oxygen tension during the suction sequence even though this 
was not statistically significant, the 
smaller the FRC as a per cent of the predicted’ FRC the en 
the arterial oxygen tension was during the nastion | | 


sequence ‘in relation to its baseline value (r = 0.628, 


p <0.13, n 
From the small sample size. studied (n = 7) it is not 
possible to determine if this trend would continue ifs 
invgae Wales size were studied. Even though only two of 
the subjects seated démonstrated negative changes from 


baseline in arterial oxygen teasiona during ene suction 
subjects with small resting Vang volumes would dacrente 
arterial oxygen tension more than those with faone baleen 
lung volumes. In addition, subjects the lowest 
‘Inieial resting lung volumes expressed as a percentage of the 
_ predicted volumes shawl the lowest arterial oxygen tensions 
during the entire suction sequence. : 
Another possibfe why a statistically 
“significant correlation was not found between the 
and the change in arterial] oxygen tension-ddring the 


suction sequence 


sitivity of the FRC measurement 
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as confirmed physiologically inf the subjects studied suggest 


i.e., the rate of change varied as the difference in values at 


which in the — studied had a mean of 1889 ‘+ 675.. 


Reliability measures of this method on varying concentrations - 


& 


~of oxygen on-a ‘known volume jiebied a coefficient of 


' variation of 0. 028, and in a series of duplicate determinations 


done ‘wadee identical ventilatory conditions on ten patients 


requiring mechanical ventilation the second valen ‘differed 


from ‘the first by 2 per cent. ‘(See Appendix A). ‘Thus, the 


FRG measurement itself may not hhave been sensitive war 


relatively small differences in FRC which affect 

g 
changes’ in arterial oxygen tensions the suction 
sequence. 


@he finding that there was a significant correlation ° 


| between the per cent of oxygen washin after thirty seconds > 
_ of -hyperinflation with 100 per cent oxygen and the per cent es soon. 


- change in. arterial oxygen tension during the suction sequence . — - 


was expected according to the mathematics of exponential change, 


the start and at the finish. The fact that this explanation 


& 


FRC may an important factor. who had a lower 


per ‘cent washin of oxygen at thirty seconds had lower arterial 


oxygen tensions as a cent of their baseline 


values. ‘One reason for this lower per cent of oxygen washin - 
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Thus, these subjects woatt have smaller stores of oxygen in 


lungs, which stores would be quickly during the 


| apnea concomitant with the ‘actual suction period al which _ 


stores would be was diluted with ait during the suction 


period. . 
The. rate of washin of Phases I and II of the oxygen 
washin curve was also significantly correlated to the per 


cent change in arterial oxygem tension during the suction 


sequence. Since the combination of Phases I and II encompasses | 


the first 30 seconds of the washin, these two findings 


coincide partially. The rate of washin of these. two phases 


is influenced by a number cf cardiovascular and respiratory 


variables and will be discussed under Objective 3 in this 


chapter. 
Other variables which might affect the arterial oxygen 


tension change during the suction sequence were the alveolar- 


to-arterial oxygen tension difference and the FIO5, the 


degree of shunt, and the cardiac output. . None of these 


variables was significantly correlated with the per cent 
change in arterial oxygen tension during: the white 


sequence. It was possible that subjects with large per- 


centages of shunt” would high levels of 


oxygen concentration to acceptable 


thirty seconds may be small resting FRC's in these subjects. 
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decreases in atterialsoxygen tension during the 


of 


dilution of the alveolar oxygen stores with air during pe 
suction, these subjects vould demonstrate greater decreases > 


in: arterial oxygen tension than those. with smaller. shunts. 


Although in general subjects with large ‘shunts. had lower arterial 


oxygen tensions during the suction sequence, probable 


~ the ‘hyperinflation with. 100 per cent. oxygen prior to 


he” actual period of suction was sufficient to prevent large 


No studies Nave reported in which the change 


arterial « oxygen. tension as a result of suction has been 


correlated to the washin of oxygen prior to suction. Several 2% 


have, however used ‘hyperinflation with 100 per cent 


oxygen prior to “suctioning, and the results of these studies 


concur those of. this. study. 


“Fell et al. (1971) reported ghat subjects ventilated with 


100 per cent “oxygen did not show, decreases in oxyern 


below a: the end of 15 seconds of suction. 


Some subjects shéwed increased PaO, after 15 seconds of suction, 


which increase was explained as due to re-expanded collapsed 


\ 


air spaces from the expectoration of secretions. obstructing 


the airways. Downes et al. (1961) réported in studying apnea j 


levels 6f arterial oxygen tension and-that-during the apnea-and 
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100 per cent oxygen was able to maintain oxygen. saturation | 
above 95 yer cent during apnea while. subjects who did not 


prior with 100 per ‘cent. oxygen were 

Boutros (1970) used sustained hyperinflation for 10 

seconds following suctioning which resulted in pipet 

wisi in PaO) than no hyperinflation. 


The absolute values of oxygen tension in subjects in this 


. 


study were, however, within the non-hypoxic range. 


Summary: of the Discussion of the Results of Objective 
‘Identification ef a clinical measurement which would - 


a be associated with the change in Pad, ites the suction 


sequence \ was made through correlating a wide range of 
and variables measured prior to the 
-. tension during the suction sequence. That variable which was 
found to best indicate the per cent change in arterial oxygen 
tension was the per cent of oxygen washin a end of the 
thirty seconds of hyperinflation with 100 per cent oxygen. 
mnaeets who had lower per cent of washin of piers after. 


suction sequence. That other variables thoueht to affect the 
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that every subject who received prior hyperventilation with z 
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per cent change in arterial oxygen t 


sequence were not significantly related may be the result 


Ay 


of the effectiveness of the hyperpreoxygenation beforesthe 


actual period of suction. 


These findings, therefore, reinforce those of Fell: | 


et al. (1961) and Downes et al. (1961) that hyperinflation 


should be used ¢linically prior to endotracheal aspiration 


in patients with acute respiratory failure. — 
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Determination of whether a standardized length of pre- 
oxygenation adequate safety during tracheo- 


bronchial a index, e.g, 


compliance, would serve as an appropriate guide to the 


length of preoxygenation time necessary to prevent hypoxia. 


In order to determine whether a thirty second period 
of Aype¥inelation with 100 pei wan to 
circulation effects were evaluated by arterial 
oxygen tensions a ‘five minute of hyperinflation 
with 100 per cent® oxygen at one and one halt the maintenance 
‘tidal volume in order to generate a an oxygen washin curve on 
each subject studied. 
| Since washin curves 
the oxygen curve oF each. subject vas Linearized by = 
converting each erferial oxygen tension to its logarithm and 


plotting these values over. time, it was 5 found that these oxygen . 

curves had four ‘components which were into | 

phases: Phase I--the plateau; Phase I1--the fast 
‘filling component; Phase TIT-“the' slow component; -and~ 


Phase tv=-the son component. 
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Timing the oxygen washin began with changing the 
of the ventilator ‘to"hyperventilate with 


“100 per cent — As found by Colgan et al. (1970), 


ate 


after the ‘initial changeover of the ventilator a period of 
circulation and system lag time” occurred Metore the change 


of 0, introduced into the ventilator affected the Pad, 


at the sampling -port at the femoral artery. Two factors 


account for this lag times, (1) the patient’ s circulation 


oe * time, and (2) the system's ‘changeover time. 


: ia ventilator requires a period of changeover before 
concenggatign of omyeen delivered through the endotracheal 


tube reaches 100 cent. The factor responsible for this 
changéover time the time of the ventilator itself 


sand ofthe dead space tubing from the veptiiator to the 


of the inet’ s endotracheal -. This washout cine. is 


ste 


proportional to the ‘amount of ‘doadspace and the rate of Elow 


of the gas. Although not specifite 


In future re. is either the same 


ventilator be used for subjects or _ that at least 
each ventilator used be measured prior 


+ 


othe onset of «the experimental! period SO ‘consistency 
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neasured in this study, 
“this washout to be fairly constant 


same type of ‘ventilator was used in all’ cases except one. 
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can be established on the basis of concreté 


“datas. Even better would be the use of two ventilators, one 


at the maintenance paveee and one at 100 per cent oxygen. 


Any which’ ‘affects arterial. oxygenation will 
a8 affect the patient’ s lag time, oe that time from 


the» change in FIO» until a change in PaO» occurs at the % 


23 


sampling site. Thus, Subjects with low cardiac outputs 


“and/or large shunts will have longer periods before arterial 


"oxygen tension will begin to rise. 


Because Phase T mechanical and 


eardio-respiratory — it isa difficult ‘phase to 
analyse. For the’ Purpose of this-study, ‘the ventilator 


variable has been assumed constant across. ‘the subjects 


studied, and” ‘the: catdio-respiratory variables assumed 


responsible for the differences seen between seit. A 


addréss the validity of this assumption 
since it is an important consideration if patients are to be 
hyperventilated mechanically with, 100-per cent oxygen 

prior to suction. 
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Phase IV. 


Phase IL and Phase III. 


ALL studied exhibited both Phase II and ‘Phase _. 


III, indicating that the lungs of these subjects behaved as if 


composed of two compartments ventilating at different exchange 


rates--a fast exchange compartment (Phase IT) and a slow 


compartment (Phase III). These are in 


those of Colgan et a. (1970) “who found that 


eighty-eight per cent of the lung volume eukttiacs faster 


Vous 


than a smaller compartment which ventilated at a slower rate. 


Since the slow ventilating compartment contributes 
little to thearise in arterial oxygen tension during the 


thirty seconds of hyperinflation with 100 per cent oxygen 
prior to the actual suetioning, it is the fast exchange 
compartment, of Phase II, which is of most concern in this 


study. 


$ 


Observed in only two subjects, Phase IV represented a 


decrease in arterial oxygen tension during the latter portion 


of the five minute oxygen washin curve. ° Ventilation with 


100 per cent oxygen for 20 minutes had been found to cause 


increased Pa,, decreased FRC, and increased shunt (Suter, 


Fairley, & Schlobohm, 1975). The causative mechanism is 


thought to be @lteration of. the measured intrapulmonary 
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_ resulted in loss of resting lung’ volume and. increased shunt ;_ 


washin at least one other time during ventilation with 100 : 


existed in the ventilated portions, further dtaston only 
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shunt by three different mechanisms: (1) elimination of the 
effects of diffusion hindrance and ventilation-perfusion — 


inequalities; (2) formation of resorption atelectasis which 


and (3) redistribution of the regional pulmonary blood flow 
by vascular autoregulatory ical which influence the 
changes in shunt. 

The one subject demonstrated the most 


Phase IV 5 of ventilation with 100 per cent 


oxygen had susmeacidcee: a decrease in Pad, from maximum 


per cent oxygen for routine clinical measurements. At the 


end of Phase IV, however, the Pa0s yas still increased from the s 


baseline value and therefore in agreement with the single 


measurement point of Suter et al. (1975). This subject was 


being routinely maintained on an inspired oxygen concentration 


of 50 per cent. It is possible that this ventilation with a 


high FIO, produced high alveolar oxygen tensions in normally 


ventilated or underventilated alvecli and increased 


and that pulmonary. arterioles and capillaries perfusing 


these areas were dilated. full @ilation already 


occurred in atelectatic or grossly underventilated segments 
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tasis is produced (Suter et al., 1975). 


Clinical Indicators of Washin 
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‘or the a Consequently, ventilation with 100 per cent 


oxygen jdaaleed in an increase of venous admixture in those 


cases where atelectatic areas were present during ventilation 


with lower oxygen concentrations and when additional atelec-. 


In order to Laeaeity a clinical measurement which would 


predict the rate be expected in a particular 


subject, a number of ‘variables were examined which were thought 

to influence the washin of gases. These variables were examined | 
in relation to the rates of of and III 
(See Table 10). Phases I and II were combined because Phase I és 
was not present in all subjects studied 
present encompassed wate part of standard 
thirty seconds of hyperventilation with 1:00. per cent oxygen. 


_ Phases La and II. Three variables were negatively 


correlated with the rates of washin of Phases I & II. The _ 

lower the starting concentration, the lower 

the starting alveolar-to-arterial oxygen tension difference, 

and the lower the starting shunt fraction, the faster sie : 

oxygen. washin of I II combined occurred Table 10) .. 
As demonstrated by the oxygen ‘washin curves 


on the subjects in this study and by Colgan et al. (1970), 


. 
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oxygen washin occurs exponentially. Thus, the greater the 


7 FIO, required by a subject to maintain a clinically acceptable 
arterial he is on the linear portion 
of the oxygen washin curve (See Figure 5). Increasing the 
FIO, to 100 per cent, therefore, quickly moves him out of 
the linear phiicin of the curve so that the rate of siniiuiy 
when calculated for Phases f and II combined is slower than C. 
subjects whose maintenance F102 is close to 
air and who therefore have a longer suetien of thet washin 
on = linear the curve. 
‘In addition, subjects requiring relatively high 
-ghtahewsdob FIO) in order to maintain clinically acceptable 
levels of arterial oxygen tension were those with the highest 
alveolar-to-arterial oxygen tension 
these subjects had problems of oxygenation. Though 
shunt measurements were not significantly correlated to hi 
“maintenance FI0,, there was a trend that those subjects 
requiring higher FIO») had larger shunt Also, 
though not significantly correlated, subjects who required 
high maintenance FIO, had larger raticsof deadspace which may 
also have to their decreased arterial 
(See Table 10). ‘Thus, the washin of oxygen -as measured by 


PaO» was slower in these subjects. 


, ¢ : Both alveolar-to-arterial oxygen tension difference and 
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the shunt fraction were significantly correlated to the rate 
of washin of Phases I & II combined even though these two 


& 


variables were not significantly correlated to each other. 
Thus, each was a predictor of the rate of washin of Phases 


I and II combined. Multiple regression showed that the alveolar- 


to-arterial oxygen tension difference was the bést predictor 


-of this rate of washin. Since shunt deals with content 


differences and A-aD0» is really a measurement amplifier for 
content differences at high FIO) values, this is not 
surprising. 


Since the shunt fraction was the only other variable 


measured which was significantly correlated with the rate of 


e 


washin of oxygen, it is the most wo ion for the 
disruption of the ventilatory exchange found in these subjects. 
In fact, when the effects of Qva/ Op and A-aD09 were combined, 
the ability to predict the variance of washin of Phase I & If 
was improved, accounting for 86 per cent of the variance (p <0.02).. 
Thus, both of these increases. the ability to. 
predict the rate of washin, ae is greater than the per cent 
of prediction of either value alone. 

The speed and equality of the distribution of inspired air 
may have also been a factor, but data from this study cannot 


be used either to prove or disprove this supposition. It was 
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expected that a factor “affecting the of the distribution 


of the inspired air would be the functional reetduat capacity 


in that who. had functional residual capacities 
would have large stores of lung sae witch would have to be 


washed out and therefore would demonstrate slower washin rates 


-of oxygen. Likewise, those subjects with small FRC's, most 


study were on volume-controlled ventilators and did not have 


likely those with some degree of atelectasis and thus increased 


shunt ffactions and increased alveolar-to-arterial oxygen tension 


differences, would washin more quickly. It was expected also 


» 


that lung-thorax compliance would be decreased in subjects 


with atelectasis and thus would be a predictor of the rate 


‘ of washin. It may be, however, that the problems of exchange 


in these subjects prevented the more rapid washin of oxygen. 


These results are in opposition to histo of angen et 


al. (1970) who found that atelectasis expedited alveolar washin 


of oxygen, iensuainee: by reducing the functional residual 


capacity: The subjects used, however , were ventilating 


spontaneously and demonstrated increased respiratory rates 


secondary to the induced atelectasis. Subjects in the present 


suddenly induced: atelectasis, which presumably would have 


the respiratory rate and thus facilitated, oxygen 


waahin. 
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Eger (1974) reported that the washin of anesthetic 


agents depended on the relationship between ‘alveolar ventila- 


tion and functional residual capacity... The larger the ratio of 


these, two, the faster the rate of rise. Thus, in the Colgan > 


study, increased respiratory rate may have increased alveolar 


ventilation in the atelectatic subjects causing an increased 
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not a factor in these subjects, nor was there a correlation 


In the present study there was no correlation between 
alveolar ventilation and the rate of washin of Phases I & Il 


(See Table 9), indicating ‘that alveolar ventilation was 


between that ratio of alveolar ventilation to FRC and the rate 


of washin, indicating that other factors must be operative 


than those stlestins ths rate cf alveolar washin. Another 
she Colgan atudy, Rger's data; and the 
present study is that in both of the former, normal subjects 
were used and in the present one patients whe had varying 
degrees of lugg pathophysiology and who had been maintained 
on various levels of inspired oxygen concentrations were ee a 
Thus, in the present study A-aD0» was the best i 
the rate of washin. | 
Phase II.- Only alveolar-to-arterial oxygen tension differ- 


ence was significantly correlated to the rate of the washin of 
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oxygen of Phase II alone. It was, therefore, the best single 


predictor of the rate of washin of this phase, i.e., the rapid 


washin phase. Although the concentration of inspired oxygen and 


\ 


the fraction of shunt were not significantly correlated to the 


rate of washin of this phase as they were to the rate of 


washin of Phases I & II combined, they were negatively correlated 


te it, indicating that the same mechanisms were responsible — 


for the rate of washin ef Phase II as were involved for Phases | 


| 
II combined. The combined effects of A-aDO,y and 


however, were the best predictors of the rate of washin of 


Phase II, accounting for 84 percent of «the variance (p < 0.025). 


Phase III. The only variable measured which was signifi- 


cantly correlated to the rate of washin of*Phase III was the ~ 


deadspace ratio, that is, the smaller the Vp/V_7 the faster the 


rate of washin occurred. In all subjects studied the onset of 
Phase III began after the initial 30 seconds of washin, and thus 


it contributed little to the hyperpreoxygenation prior to 


- suction. Subjects hyperpreoxygenated for greater than thirty 


seconds might, however, move into the slow washin phase. ~-° 
| Because all the studied had greater chan 

cae and functional residual capacities smaller than their 

evedtoted values, it is possible that each had ah degree of . 


atelectasis. In addition, all subjects studied were being 
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rates of washin. 
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maintained on levels of FIO, above room air. 


completion of the, fast washin phase, the alveoli may have 


Thus, after 


been dilated in the-atelectatic areas with the result that : 


- * : , & 
those subjects with the largest atelectatic areas: who there- 


fore had the largest deadspace ratios also had the slowest 


a 


Summary of the Discussion of the Results of Objective 3 


Determination of whether a standardized length of pre- 
oxygenation time provides adequate safety oivtin tracheo- 
bronchial aspiration or whether a clinical 
compliance, would serve as an appropriate guide to the length of 
preoxygenation time necessary to prevent hypoxia was made | 4 


through examining the factors which affect the washin of 
ba : 


oxygen. It has been demonstrated that the rate of washin of 


oxygen is the best predictor in the subjects studied of the, 
change in arterial oxygen tension during the suction sequence. 


Oxygen washin occurs exponentially and oxygen washin 


curves demonstrated four phases: Phase I--the initial plateau; 


Phase II--the fast filling component; Phase III-the slow filling 


component; and Phase IV--the reabsorption component. Since the 


standardized length of preoxygenation time occured during 

Phases I & II, factors predicting the rate of washin of these 

phases were identified as the baseline FIO,, A-aD05, and 


— 
2s 


UMI 


of_preoxygenation time was adequate to provide safety during 


“endotracheal aspiration. Since the rate of washin during this ‘ 


an, 
Qya/Qr- The A-aD0?2 was the best. ‘single anaes. of the rate 


of washin of this combined phase, _and the: ‘A-aD02 and Qva/Qr. were 
the best predictors. 


Thus, in the — gubjects studied, a standardized length 


standardized preoxygenation period was statistically significantly 
correlated to the per cent change in arterial oxygen tension 
during the suction sequence, it is clinically useful to estimate 


the rate at — washin will occur. The alveolar-to-arterial 


oxygen tension difference was shown in this study to be eee 


strongest single indiéator of this rate of washin. Shunt was 


the alveolar- to-arterial oxygen tension difference and the shunt 


can be used to predict the rate of 


i.e., the greater the A-aDO9 and the greater the shunt, the 


slower the washin will occur. 
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CHAPTER VII 


SUMMARY 


Eight sci pail requiring ventilation for acute respiratory 
studied the physiological determinants 
of a clinically dulbcesstul method of endotrachael aspiration in 
patients vith acute resfiratory failure by: 
of the magnitude of changes of specific emodvnaic and respiratory 
variables which occur during and after endotracheal aspiration; 
(2) investigation of the éoovelattea between the magnitude of 
hemodynamic and respiratory changes during endotracheal ebccacion: 


and their physiological status prior'to aspiration; and (3) 


determination of whether a standardized length of preoxygenation 


time provides adequate. safety during endotracheal aspiration or 


\ 


whether a clinical index, e.g., compliance, would serve as an. 


. appropriate guide to the length of preoxygenation time necessary 


to prevent hypoxemia. 


A standardized suction Sequence was used in which each 
subject received thirty seconds of hyperinflation with one 


hundred pér cent oxygen through a volume-controlled ventilator 


prior to suction, a twenty second period of Suction, and a thirty 
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second period of hyperinflation with one hundred per cent. oa 


oxygen before returning to baseline ventilation. In addition, 


a of oxygen washin was performed on each 


to 96 


change in arterial oxygen t 


-one hour prior to institution of. the 


suction sequence. 


_ Arterial oxygen tension (Pa0?) inéreased from 85 M4 13 


i+ 


(mean S.E.) from before institution of the suction sequence 


i+ 


14 (mean + S.E.) after return to baseline ventilation. . 
Alveolar-to-arterial oxygen tension difference (A-aD02) decreased 
from 191 = 18 (mean + to 183 + 17 
S.E.) after suction. Since these subjects were apparently in a 
state the measurements as evidenced by- no change 

in the rate of CO» production, the standardized suction sequence 
in these subjects was adequate not only to prevent an overall 
decrease in arterial oxygen tensioh * to provide a net result 


of improved arterial oxygenation in the A-aDO9. 


Identification of a clinical measurement which would 


“sraliet Gul change in PaO9 during the suction sequence was made 


through correlating a wide range of hemodynamic and respiratory 
variables measured prior to, the suction sequence to the per cent 


during the suction sequence. 


That variable which was found to best predict the per cent _ sili 


change in arterial oxygen ‘tension was the per.cent of oxygen 
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washin at the end of thirty second of hyperinflation with 100 


per cent oxygen (r = 0.799; p<0.05) and the rate of washin 


(x = 0.719; p<0.05). That other variables thought to affect the 


period of aspiration. 


per cent change in arterial oxygen tension during the suction 


sequence were not significant predictors may be the result of 


~ the effectiveness of the hyperpreoxygenation before the actual . 


- Determination of whether a standardized length of preoxygena- 
tion time provides adequate safety during endotracheal aspiration 


or whether a clinical index, e.g., compliance, would serve as an 


_ appropriate guide to the length of preoxygenation time necessary 


to prevent hypoxia was made through examining the factors which 
affect the washin of oxygen. Oxygen washin 
and oxygen washin curves in the subjects studied demonstrated four 
phases: Phase I--the initial plateau; Phase II--the fast filling : 
Phase III--the slow filling component; and Phase IV-- 
the reabsorption 

Since the standardized length of preoxygenation time 


occurred during Phases I and II, factors predicting the | 


rate of washin of these phases were identified as the baseline 
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fraction of inspired oxygen (FIO,) (r = -0.803; p< 0.05), the 


A-aD09°(r = -0.964; p <0.05), and the shunt fraction (Qya/Qn) 
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alone, accounting for 84 per cent of the variance (p <0.025). 
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(r = -0.786; p <0.05). A-aD09 was the single best predictor of 


the rate of washin of Phases I and II combined accounting for 


72 per cent of the variance (p <0.016) and of the rate of washin 


- of Phase II alone, accounting for 75 per cent of the variance 


(p <0.01). The combined effects of A-aD09 and Qya/Qr were the 


best predictors of the rate of washin of Phases I & II, accounting 


for 86 per cent of the variance (p <0.02), while A-aDO, and FIO 


were the best predictors of the rate of washin of Phase II 


The deadspace ratio (Vp/Vp) was he best single predictor of the 
rate of washin of Phase III (r = —0.848; p <0.05). 

Thus, .clinically the rate of washin of oxygen can be 
predicted in an individual patient through use of an sails. 
difference, and with even greater accuracy by siti the shunt 
fraction (Qya/Qp) in combination with the A-aD0>. The clinician 
who man suction mechanically ventilated patients in whom arterial 
oxygen tension is low that those who 
have large A-aDO, and large Qy,/Qr will need longer periods of 
hyperinflation with 100% oxygen in order ve their arterial 


oxygen tensions to clinically acceptable levels prior to suction 


than those with low A-aDO9 and Qya/Qr- 
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FOOTNOTES 


arterial oxygen tension. 
. 
3arterial blood 
‘quotation from the Progress Notes of a patient at San 
Francisce General Hospital, 1974. | 
Sunpublished material of R. Elms, University of California, 


San Francisco, 1973. 


UMI 


an 
5 
a 
| 


REFERENCES 


| Abdellah, F. G. Overview of nursing research. 1955-1968. Part I. 
Nursing Research, January-February 1970, 19(1), 6-17. — 


aya | oe Adair, G. S. The oxygen dissociation curve of hemoglobin. Journal 
of Biological Chemistry, 1925, 63, 529-545. 


Adams, A. P., Morgan-Hughes, J. 0., & Sykes, M. K. pH and blood- 
gas analysis methods of measurement and sources of error 
using electrode systems. Part I. Anaesthesia, October 
1967, 22, 375-597. 


Bates, D. V., Macklem, P. T., & Christie, R. V.. Respiratory 
function in disease (2nd ed.). Philadelphia: “Saunders, 1971 ; 


Beland, I. L. Clinical nursing: pathophysiological and psycho- 
social approaches. New York: McMillan, 1970. | 


a 


Benedixen, H. H., Hedley-Whyte, J., Chir, B.)~& Laver, M. B. 

“ Impaired oxygenation in surgical patients during general 
anesthesia with controlled ventilation. A concept of 
atelectasis. New England Journal of Medicine, November 7, 
1963, 269, 991-996. 


: Bergman, N. A. Distribution of inspired gas during anesthesia 
and artificial ventilation. Journal of Applied Physiology, 
1963, 18, 1085-1089. 


Berman, I. R., & Stahl, W. M. Prevention of hypoxic complications 
during endotracheal suctioning. Surgery, 1968, 63, 568-587. 


Boba, A., Concotti, J. J., Piazza, T. E., & Landmesser, C. M. 
ae The effects of apnea, endotracheal suction, and oxygen: 
insufflation in anesthetized patients. Journal of _ 
Laboratory and Clinical Medicine, 1959, 53, 680-685. 


Boutros, A. R., & Weiser, M. R. Arterial blood oxygenation during 
thoracotomy using 70 per cent nitrous oxide in oxygen. 
Anesthesiology, 1967, 28, 705-710. tec, 


\ 


7h 
119 4 
~ 
| 


120 


Boutros, A. R. Arterial blood oxygenation during and after 
endotracheal suctioning in the apneic patient. 
Anesthesiology, February 1970, 32; 


pradiey, Stupfel, M., & J. W. Effect of 


temperature on Pco2 and Pg, Sf blood in vitro. Journal 
of Applied Physiology, September 1956, 9, 201-204. 


| Brandstater, B., & Muallem, M. Atelectasis following tracheal 
suction in infants. Anesthesiology, 1969, 31, 468-473. 


Briscoe, W. A., Cree, E. M., Filler, J., Houssay, H. E. J., & : oe 
Cournand, A. Lung volume, alveolar ventilation and 
perfusion interrelationships in chronic pulmonary 
emphysema. Journal of Applied Physiology, 1960, 15, 
785. | 


‘Brunner, L. S., Emmerson, C. P., Ferguson, L. K., & Suddarth, + 
D. M. Textbook of nursing. Philadelphia: 
Lippincott, 1970.- 


Campbell, D. eae & Stanley, J. C. Experimental and quasi-experi- 
mental designs for research. Chicago: Rand McNally, 1963. 


Cardiac arrest during therapeutic tracheal suction. . Anesthesia 
and Analgesia~-Current Researches, November-December, 1960, 
39, 568-569. 


Clark. Gas ‘Wolf, Granger, D., & Taylor, Z. Continuous 
recording of blood oxygen tensions by polygraphy. Journal 
of Applied Eeretereay: 1953, 6, 189. 


Clement, J., van de Ene en Ks Pest Pardaens, J. A general | 
theory of respiratory mechanics applied to forced expiration. 
Respiratory Physiology, October 1970, 60-79. 


Colgan, F. J., & Fanning, G. L. Atelectasis: effect on distri- 
bution of ventilation and perfusion. Anesthesiology, 
May 1970, 32, 433-439. 


Colgan, F. J. Mahoney, P. b.:: The effects of major surgery 
on cardiac output and shunting. Anesthesiology, : 
September 1969, 31, 213-221. 


UMI 


~~ 
= 
6 
‘ 


121 


4) 


Comroe, J. H., Forster, R. E., Dubois, A. B., Briscoe, W. hes & 
Carlson, E. The lung, clinical physiology and pulmonary © 
function tests (2nd ed.). Chicago: Yearbook, 1962. 


‘Cotes, J. E. Lung function. Oxford: Blackwell, 1968. 


Dale, W. A. Cardiac arrest. Annals of Surgery, March 1952, 
135, 376-393. 


J. J., Wilson, & D. Apnea, suction, 
and hyperinflation: effect on arterial oxygen 
saturation. Anesthesiology, January-February 1961, 22, 


Egbert, L. D.*Laver; M. B., & Benedixen, H. H. Intermittent 
See deep breaths and compliance during anesthesia in man.. 
Anesthesiology. 1963, 24, 57-60. 


Rees, E. IT. Anesthetic uptake and action. Baltimore: 
Williams and Wilkins, 1974. : 


Eldridge, R., & Fretwell, L. K. ‘Chante in oxygen tension of 
shed blood at various temperatures. Journal of Applied 
Physiology, 1965, 20, 790-792. | 


Fairley, B. Bux Intensive respiratory care. In H. Wolltian & 
C. P. Larson (Eds.), Anesthesiology. Philidelphia: 
Lippincott, 1976. 


Fell, T., & Cheney, F. W. Prevention cf hypoxia during 
_ endotracheal suction. Annals of Surgery, 1971, 174, | 


Ferris, B. G., & Pollard, D. S. Effect of deep and quiet 
breathing on pulmonary compliance in man. Journal of 
Clinical Investigation, 1960, 39, 143-149. - 


Finley, T. H. The determination of uneven pulmonary blood flow 
from the arterial oxygen tension during nitrogen washout. 
Journal of Clinical Investigation, 1961, 40, 1727. 


Guyton, A. C., Jones, E. E., & Coleman, T. G. Circulation | 
physiology: . éavtter output and its regulation. (2nd ed.). 

Philadelphia: 1973. 


_ UMI 


= 
i 
v 
i 
= 
7 
‘ ‘ 
fy 


Hedley-Whyte, J., & Laver, M. B. O09 solubility in blood and 
| temperature correction factors for P,.. Journal of 
Appi ted Physiology, 1964, 19, 901-906. 


Hewlett, A. M., G. #., Nuon, -J. Fi, & Minty, K. 
Functional residual capacity during anaesthesia. British 
‘Journal of Anaesthesia, 1974, 46, 479-503. 3 


‘Hulands, G. H., Greene, R., Ilitt, D., .& Nunn, J. F. 
Infi¥ence of anaesthesia on the regional distribution of 
perfusion and ventilation in the . eens) Science, 
_ 1970, 38, 451-460. | 


Jecquette, G. To reduce hazards of tracheal suctioning. Anerican 
Journal of Nursing, 1971, 71, 2362-2364. | 


Kaneko, K., Milic-Emili, “belovich, Mi Bas A., & Bates, 
D. V. Regional distribution of ventilation and perfusion 
as a function of body. position. Journal of Applied 
Physiology, 1966, 21, 767-777. 


Kelman, C. R. Digital computer subroutine for the conversion 
- of oxygen tension into saturation. ‘Journal of Applied 


Kelman,’ & ae for of blood 
POQ9> PCO9> pH, aed base excess for time and temperature. 
Journal of Applied Ebyaiclegy 1966, 21, 1484-1490. 


New York: Holt, Rinehart, & Winston, 1973. 


sania C. P., & Severinghaus, J. W. Postural variations in 
dead space and CO2 gradients breathing air and 0». 
Journal of Applied Physiology, 1962, 17, 417-420. 


Laws, A. K. Effects of induction of anesthesia and muscle paralysis » 
on functional residual capacity of the lungs. Canadian 
Anaesthetist' s Society Journal, aay 1968, 15, 325- sake . 


Levin, R. M., Seleny, Fr. ere Cs We, & Streczyn, M. V. 
The significance of transpulmonary pressure changes in 
children anaesthetized for cardiac surgery--analysis of 
respiratory mechanics. ‘Canadian Anaesthetist's Soctety 
Journal, July 1972, 19, 7381-398...» 


UMI 
ie 


ag 
| 
‘a 
e 
‘ 
° 


UMI 


Mansell, A., Bryan, As Gi, @ Levinson, H. Airway closure in 
children. Clinical Research, 1971, 18, 803. 


Marshall, B. E., Teichner, R. Kallos, T., He 


Marx, 


Nunn, 


Nunn, 


Wyche; M. Q., Jr., & Tantum, K. R. Effects of posture 
and exercise on the pulmonary extravascular water volume 
in man. Journal of Applied Physiology, 197i, 31, 373-379. 


G. Steen, S. N., Arkins, R. E., Foster, Be Ss 5 


S., Kepes, E. R., & Schapira, M. Endotracheal suction 
and death. New York State Journal of Medicine, 
15, 1968, 68, 565-566. 


C. D:,- Rogan, M. C., & McDonald, I. Normal standards 


for lung volumes, intrapulmonary gas-mixing, and maximum 
breathing capacity. Thorax, 1954, 9, ee 


J. F., Bergman, N. A., Coleman, A. J., & Casselle, Dc. 
Evaluation of the sexveney paramagnetic analyzer. | 
British Journal of Anaesthesia, 1964, 36, 666-673. 


J. F., Bergman, N. A., Bunatyan, A., & Coleman, A. J. 
Temperature coefficients for Pcg, and Po, of blood in 
vitro. vournal of Applied Physiology, 1 65, 20, 2326. 


J. F. Applied respiratory physiology with special reference 


to anaesthesia. London: Butterworths, 1969. 


A. B. Quantitative relationships in steady-state gas 
exchange. In W. O. Fenn & H. Rahn (Eds.), Handbook 


of physiology, Section 3: Respiration (Vol. 1). 


Washington: American Physiological Society, 1964. 


_Rattenborg, C. C., & Holaday, D. A. Mechanisms affecting ventilation | 


and perfusion of the lungs during anesthesia. In D. A. 
» Holaday (Ed.), Lung Disease. Philadelphia: Davis, 1967. 


_ Rosen, M., & Hillard, E. K. The use of suction in clinical 


- medicine. British Journal cf Anesthesiology, 1960, 32, 


486-504. 


Rosen, M., & Hillard, E..K. The effects of negative pressure 


during tracheal suction. Anesthesia and Analgesia- 
Current Researches, January-February 1962, 41, 50-57. 


123 
2 
vu, 
| 
ap 


UMI 


124 


Roughton, F. J. We Transport of oxygen and carbon dioxide. sce 
In W. 0. Fenn & H. Rahn (Eds.), Handbook of physiology, \\ 


Section 3: Respiration (Vol. 1). Washington: : a 


American Physiological s 


Saklad, Me, & Paliotta, Js tube in 
‘ the stimulated breathing patient. Anesthesiology, 
(1967, 28, 652-660. 


Schmidt, K. ‘The effect of endotracheal toilet on circulation 


and on arterial and venous blood gas concentrations. 
Der Anesthesist, 1966, 15, 130-132. 


Schumacker, H. B., & Hampton, L. J. Sudden death occuring, 
immediately after operation in patients with cardiac 
disease with particular reference to the role of ° © 

_ aspiration through the endotracheal tube and extubation. 
Journal of Thoracic Surgery, 1951, 21, 48- sh 


Secor, J. Patient care in respiratory problems. Philadelphia: 
Saunders, 1969. | 


Segal, S. Endobronchial zpos as an aid to tracheo-bron hial 
aspiration, Pediatri s, 1965, 35; 305-312. ; / 


Severinghaus, J. W. Blood gas In W. D. Fenn & 


H. Rahn (Eds. fF Handbook of. Physiology, Section 3: Respira-~ 


tion (Vol. 2). Washington: American Physiological 
1965. -¢@ 


Shafer, K. N., Sawyer, J. R., McCluskey, A. M., Beck, E} L., & | 
‘Phipps, W. J. Medical-surgical nursing. St\_Lowis: 


Mosby, 1971. 


Chicago: 


Shapiro, B. A. Clinical application of blood gases. 


Shim, C., Fine, N., Fernandex, R., & Williams, M. H. 
arrhythmias resulting from tracheal suctionin 
of Internal Medicine, 1969, 71, 1149-1153. 


Staub, C. . Alveolar-arterial oxygen gradient due to 
d¢ffustor. Journal of Applied Physiology, 1963, 


\ 


& 
ardiac 
Annals 
| 
oe 


UMI 


Stephen, C. R., Slater, H. M., Johnson, A. L., & Sekely, P. 


The oximeter--a technical aid for the anesthesiologist. 
Anesthesiology, September 1951, 12, 541-555. 


Suter, P. M., & Schlobohm, R. M. Determination of functional 


residual capacity during mechanical ventilation. 
» (1974, 41, 605-607. 


Suter, M., Fairley, a. Schlobohm, R. M. Shunt, lung 
volume and perfusion during short periods of ventilation 
with Anesthesiology, December 1975, 629- 639. 


Suter, P. M., Lindauer, ai M., daisies, H. B., & Schlobohm, R. M. 
ee. Errors in data derived from pulmonary artery blood gas 
values, Critical Care Medicine, 1975, 365), 175-181... 


Swyer, P. R., wie, R. C., & Wright, J. J. Ventilation ond 
ventilatory mechanics in the newborn. Journal of 
Pediatrics, 1960, 56, 612. 


Taylor, P. As, & Waters, H. R. Arterial oxygen tensions following 
ae suction on IPPV. Anesthesia, July 1971, 26, 
289-293. | 


B. & Weitzner, Avoidance of hypoxemia during 


endotracheal Anesthesiology, 1969, 31, 
473-475. 


} 


Wade, J. F.' Respiratory nursing care. Physiology and bechas.que- 
St. Louis: Mosby, 1973. 


Wang, C. S., & Josenhaus, W. T. Contribution of as 
abdominal displacement to ventilation in supine man. 
Journal of Applied Physiology, 1971, 31, 576-580. 


West, J. B. Respiratory physiology - Baltimore: Williams & 


Wilkins, 1974. | 


e 
<> < 
| 
. 
4 
\\ 
\\ 
\ 


UMI 


126 


APPENDIX A 


MEASUREMENT OF FUNCTIONAL RESIDUAL CAPACITY 
- BY THE HELIUM DILUTION METHOD DURING 
MECHANICAL VENTILATION © 


Functional residual capacity (FRC) was measured” using 
modification of Law's technique (1968) by Suter and Schlobohm 


(1974). FRC was calculated by the formula: 


initial helium concentration 


@ 


Hey = final helium concentration 


Vi = initial spirometer volume + 
apparatus deadspace 


Vo = final spirometer volume + 
“apparatus deadspace 


Method 


FRC was determined while the eabhenie were ventilated with 
the tidal volume and frequency on which they were being main- 
tained and end (PEEP) if so | 
by care. was not disconnected 
from the ventilator during the paxsareuat uk was turned into 


the circuit through two valves. Inspired oxygen concentration 


was maintained above that level necessary for maintenance. 
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The eireutt 12) included a 6 titer spirqneter 
Collins), circulation motor, C0» absorber, 
bacterial filter (Ohio), helium meter (Godart catharometer), 
oxygen analyzer a "hag-in-box" device. | 
The "bag-in-box" consister of-a 1.8 liter self-inflating 
rubber resuscitation bag (Air-viva, CIG australia) within 
a 5 liter glass bottle with through which 
the bag was connected to the FRC circuit and the other cotiie 
which the space surrounding the yag Was connected to the. venti- 
lator. Through a series of valves, there was a unidirectional 
flow of gas atould the circuit in the following order: ‘the “i 
lating bap was filled from the spirometer (during 
expltationi< the gas mixture then entered the subject's lungs, 
the expired gas the bacterial filter and C0, 
absorber and returned to the spirometer. A helium analyzer 
was in a parallel circuit to the main circuit; and the gas: 
ies oi sampled was returned to the circuit after analysis. 
| If PEEP was used, an Emerson PEEP Assembly was included 
in the expiratory part of the circuit. This arrangement | 


~~ allowed for measurements at PEEP, whereby only a small segment 


of the circuit was under continuous positive pressure. 
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Measurement. The circuit was filled with the helium- 


oxygen-nitrogen mixture, in a helium 


3-7 per cent. Because no =< was added during. the. iheasurement , 


the begtining oxygen concentration was. ‘set approximately ten 


per cent ‘higher than the value used in ventilating the patient's © 
lungs prior to the FRC determination. The gacde were mixed in 

the circuit using the circulation motor and several deflations 

of bag. At the subject ' Ss connection was 


from the ventilator to the closed FRC circuit by stant tanncas 


sige atite of both two-way valves. The gas mixture in the circuit 


then equilibrated with the lung volume. Equilibration could 


be recognized by a slowly increasing helium concentration due to 


oxygen consumption from the circuit. During this equilibration - 


period, which 2-7 minutes, patient ventilator 
thus assuring ventilatory patterns 
similar to those of the pre-test period. At Caen, 
direct patient contact with the ventilator was re-established 
by reversing sce two-way valves to their original. positions — 
at end-expiration. 
Catharometer and spirometer readings were taken before | 
turning the ‘aiiiate into the closed circuit.and after turning 


him out of the circuit. FRC determinations were corrected for 


"turn in" or "turn out" errors, i.e., not turning the patient 
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into the circuit or out of the circuit exactly at end-expiration, 
by adding or subtracting the appropriate volume above or below 


end-expiration (Hewlett, Hulands, Nunn & Minty, 1974). 


Validity. and Reliability 


Catharometer. The thermal conductivity of the spirometer 


gas is a satisfactory means of observing changes in the helium 
3 


concentration. The response of the catharometer is directly 


- proportional to the helium concentration. It is not necessary, 


therefore, to convert the reading of the meter into helium concen- 


trations. The meter is read to one-thousandth of full scale 


deflection with the aid of a mirror scale. As catharometers 


are fic gas will only indicate changes 
thé concentration if of other 
are held constant. . | 

The Ppomenr of the system as a whole may be Sistah by 
the non-linearity in the response of the catharometer. An error 


in the helium reading of only one-thousandth of full scale can 


introduce an error in the FRC of approximately three per cent. 


' The linearity of the catharometer was checked, therefore, 


according to the method of Cotes (1968) and Hewlett. et al. (1974), 
by adding serial increments of air to the circuit, which had © 
been previously primed with helium, and recording the catharometer ~ 


readings. The volume of air added was then plotted against the 
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reciprocal of the helium reading (Hewlett et al., 1974). (See 


Figure 13). 


A 


Three runs in this series on room air produced a linear 


. correlation coefficient between and the reciprocal 


helium a of not less than 0.999 in each case. 


Figure 13 the third run in the series. 


The helium meter was ‘set to read zero for room jar before 
each study. Since nitrogen and ree = not ie identical 


thermal conductivities, a change in’ tie concentration of these 


ma 


gases during an FRC measurement could result in an error in the 


reading of the helium concentration. Errors due to. water vapor 


and carbon dioxide conductivities ‘were the appropriate 


correction factors of Suter’ et (1974), 


derived from testing the catharometer with known gas mixtures 


_and checking the results with gas chromatography were used as 


follows: 
He He, +. 9,3 46.0 X Fo, * 13.8% 
where He, = corrected helium reading 
He, = direct helium reading | 
Fo, = oxygen fraction of the gas mixture 


These correction factors had been derived on the same catha- 


rometer used for this study, as similar instruments deliver 
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0,996 
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Figure 13. Linearity of the catharometer/spirometer system, . 


" assessed by plotting the reciprocal of the helium concentration 


against the volume of air added to the spirometer. 
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different correction factors (Suter et al., 1974). 


Oxygen analysis. The Beckman E-2 Oxygen hnalyzer | was; 


for the analysis to da#ermine the 
corfection factors for the catharometer. This t 
instrument contains a measuring cell in which a horizontal glass | ye 
dumb-bell is suspended in the measuring’ between the 
stemmaintsc gas and is suspended by a ptatinun fLlament. It is 
‘ to about the vertical axis, and a 
| to the dumb-bell gives an optical fadindttoa of the degree of 


rotation. The change of the oxygen concentration in the sample » 


cell alters the relativ density: of ‘the gas sista tana ends. 


of the dumb-bell, which causes the dumb-bel1 to rotate toa ai 

new positicn of equilibrium. The deflected light beam fitiy then 

be returned to the null position by opposing the torque with a. 
current passed through a coil attachedseto The 


magnitude of this current is controlled by a potentiometer, and 


the oxygen concentration is read directly from a potentioneter 
dial. The zero point is obtained mechanically when the cell 
another oxygen-free gas. The sensitivity 
is adjusted with dry air or other gas mixtures of known oxygen 


concentrations (Nunn, Bergman, Coleman, & Casselle, 1964). 


UMI 


133 
4 


UMI 


134 


It was difficult to determine the accuracy of the Beckman 


E-2 Analyzer, since its accuracy is generally considered superior 


to the other reference methods (Nunn et al., 1964). The zero 


adjustment was made with one hundred per cent nitrogen, the 


percentage of which had been verified by the method of Scholandcr. - 


¢ 
The span was then set with dry medical oxygen, assuming a concen- 


tration of 99.8 per cent (Nunn et al., 1964). Subsequently, dry | 
air was introduced to ‘check linearity, which was easily ‘repro- 


ducable at a reading of 20.95 per cent. Because of its stability 


and because of the reproducability of readings, the analyzer 


_ was calibrated on only 100 per cent nitrogen and room air prior 


to each use. 

The Beckman E-2 indicates the concéntration of 
oxygen in the total ee lati and not only in the dry gas - 
phase. The addition of water vapour to the dry gas, therefore, 
reduces the indicated value for the oxygen concentration, as 
well as the presence of other a ary the sample was with- 
drawn from the FRC circuit through a leakproof stopcock into a 


leakproof 100ml glass syringe from the portion of the FRC circuit 


‘immediately posterior to the CO) absorbent. It was then passed 


through H50 absorbent before entering the Beckman E-2 Analyzer. 


Calibration of the analyzer on nitrogen effectively eliminated 


‘the effect of nitrogen on the oxygen reading. In addition, the 


100 ml sample was more than sufficient to wash out the cell 


prior to analysis. 
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_ Spirometer. A Warren Collins 6 liter spirometer was 


"included ‘in the circuit. Since the linearity of the system as 


a whole can be impaired by irregularities in the cross-sectional ; 


area of the spirometer bell (Hewlett et al., 1974), its 


accuracy was checked with a giant syringe. The spirometer was 


found to -be accurate and linear, i.e., serial insertions of 


one liter and one half liter boluses of air from the syringe 


produced consistently exactly one liter. and one half liter 
deflections of the writing arm of the spirometer. 


System Leaks. As there were a number of connections 


between the component parts of the FRC circuit, most of which 


had to be removable for sterilization, the system was conducive 


to deaks. Two tests were used to check for leaks. First a 


static, low-pressure test of the entire system was made by placing e 
a one kilogram weight on the spirometer bell. , Second, a dynamic 5: 


high-pressure test of the inspiratory portion of the circuit was” 


made during the mixing period when the "bag-in-box" was compressed 


a number of times, producing pressures up to 80 cm of H,0. During 


mixing, the one-way valve near the patient's airway was bypassed 


via a small diameter, high resistance tubing. A change in the 


baseline of the spirometer tracing representing more than 3 ml ©: 


per minute indicated an unacceptable leak (Suter et al., 1974). 


Whole system.. In the assessment of the error of the 
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method, it was not desirable to use subjects because of the great 


variability of the FRC with time, gastric filling, and variations © 


in posture. A model system was developed, therefore, in which the 


known volume of gas in a giant syringe was measured with the 


FRC circuit but without the use of a ventilator. “The plunger 


of the “syringe was and then withdrawn by 
the sdepression of the "bag-in-box" with an anesthesia bag & . 
attached in place of a ventilator. 

Measurements of the volume in the giant ‘syringe wick made 


by heli m dilution: Six series were performed over a period of 


>» 


ys, three on room air and three on varying concentrations 
o significant systemic error was found in any of 


these observations (Table 13). The actual volume measured was 


ml, 1500 ml*in the giant syringe and 100 ml in the connect- 


ing tubing. Because the volume of the connecting tubing was 
measured by water en yeoon it is possible that the actual 
lias could be in error by a slight amount. The residual apparatus 
dead ee the same as that used during the actual setdiak 
measurements, 4.2 liters.” 

conditions on ten patients requiring mechanical ventilation for Mes 


acute respiratory failure. The second valts, differed from 


the first by 7 * 9 (mean + §.D.) per cent, while measured FRC's” 
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Table 


Measurements of the Volume of the Model 


Series 


Measurements on Room Air 
. Number of’ measurements 3 4 4 
Mean volume (L) 1.606 1.616 1.593 
SD (individual measurements) 0.078 0.038 0.014 
0.014 0.075 0.029 
Coefficient of variation 0.905 0.024 0.009 
Measurements on Varying 09 Concentrations 
Number of measurements 6 3 5 
Mean volume (L) | 1.622 1.670 1.634 
SD (individual measurements) 0.059 0.021 0.955 
Coefficient of variation (0.036 (0.013 0.034 


& 


Ad, 
- . 
‘ 
‘ 


ranged from 1429 to 2584. 
Ns 


UMI 


| 


UMI 


PLEASE NOTE: 


This page not included in 
material received from the 
Graduate School. Filmed | 
as received. 


UNIVERSITY MICROFILMS 


> 
ws, 
x 
ve 

Z . 
a 
a ws f 
| | 
& 


UMI 


APPENDIX B 


MEASUREMENT LUNG-THORAX COMPLIANCE 


Lung-thorax compliance is the volume change per unit of 
pressure change Wa the lung as measured at the end inspiration 


no-flow period an calculated according to the following formula: 


> 
Plat. P-EEP 
where exhaled tidal volume 
Plat. = plateau airway 
EEP = end expiratory pressure 


Airway pressures were obtained from the output of a Harvard 
Apparatus pressure transducer, connected through an FIO9 adapter 
to the proximal end of the inflated endotracheal tube and dis- 


played on the Y~axis of a Hewlett-Packard X-Y Recorder. An 


inflation hold of 1.0 seconds was used on the volume controlled 
ventilator in order to obtain pressure recordings at the zero 
flow period of end inspiration. End-inspiratory pressure measure- | 


ments were taken from the plateau portion of the pressure curve 


which most closely represents the static compliance, i.e., that - 
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rate than the dynamic compliance the 


portion of the curve (Swyer, Reiman, & Wright, 1960). This 
versus the nonelastic portion of the inspiratory resistive 


pressure. 


endotracheal tube through a Sierra Valve, and displayed on 


period of five to ten breaths at a time» 


compiiance which is less affected by variation in inspiratory 


measurement represents to a greater degree the elastic portion 


y* 


Exhaled tidal volume was obtained from the output of a. 


wedge spirometer, connected to the proximal end of the inflated _ 


the X-axis of the X-Y recorder with Pressure 
recotdings.~ Since the wedge spirometer collected expired gas, 


it was possible to record volume tracings on the X-axis over a ; 


An average value, decevainad from at least ten respiratory 


3 @ 
cycles, was used to represent each lung-thorax complianée 


ment, because compliance is known to vary somewhat breath-to- 


breath (Ferris & Pollard, 1960). 


_ the respiratory muscles and the elastic recoil of the chest wall 


of the lung and aikek is transmitted to the alveolar airsacs and 


Validity and Reliability — 


Pressure measurements. 1 In the reapiretory system, two 


independent driving pressures are eer’ The contraction of 


determine the pleural pressure vhich acts. on the outer surface . 
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airways. The elasticity of the lung generates an elastic recoil 


pressure which is measured in static conditions, i.e., in the 


absence of airflow. This static pressure depends on lung volume 


and.on the elastic properties of lung (Clement, van 


Woestijne, & Fardaens, 1973). 


‘Since it was impractical to use either direct daten- 


| 
pleural pressure measurements or "esophageal pressure recordings, 


“tracheal pressures only were used as a measurement of the com- 


pliance of the total respiratory system, including the lung 
% 


and chest wall. End- -inspiratory pressure measurements - were 


= instead of pressure and were, less 


affected by tar in inspiratory flow rate. These measure- 
ments represent to a greater degree astic portion versus 
the nonelastic portiog. of the insp{fatory pressure. 


The Harvard Apparatus pressure transducer was calibrated 


immediately prior to week’ use in centimeters of water pressure. 


The electrical signal was amplified and displayed on an X-Y 


recorder. First, the recorder was set to read. zero when the 


transducer was not connected to it. Then, the transducer was 


connected and left open to room air, and the transducer was 


balanced, so that the recorder was again at zero. A pressure 
exceeding any to be measured, e.g., 60 cm H90, was introduced 


and the recorder set to read that value. Subsequently, lower 
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pressures were introduced to determine the linearity of the 
recording. If there was any deviation from linearity, the entire 


_ process was repeated until linear recordings were obtained. Ts 


Volume tidal volume was 


in a wedge spirometer, and the signal. fred the. spirometer 
amplified and displayed on che X-axis of the KY recorder. 
Accuracy of “thie spirometer was apevkien immediately prior to 


each use, according to the method of Levin, ies Joshi, | 


and (1972). Serial volumes of 0. i. 0, and 1. 5 


liters were introduced into the spirometer . and the output 


checked for linearity. prior to use, 
calibration signals of one liter and one-half liter were 
introduced into order to recheck the 


bn Recorder. Pressure signals from the Harvard Apparatus 


pressure transducer were displayed on the Y-axis during inspira- 
tion, and volume signals were displayed on the X-axis during 
expiration. Thus, the signals could easily be read separately, 


because the wedge spirometer collected expired gas over a period 


_of several breaths causing a cumulative effect of signals to the 


. X-axis, similar to the effect of time. 


The accuracy of this method of recording compliance was 


verified through comparison of the X-Y recorder to a Moselay 
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10 inch strip recorder, where separate pens were used for the 


Bos pressure and volume recordings over time. Fourteen separate 

compliance measurements were made on one patient, using the same. 
pressure transducer and wedge spirometer, first on the X-Y recorder 


and secondly on the strip recorder. "Measurements using the X-Y 


recorder. yielded a compliance of 39.8 + 0.8 (mean’t S.E.), 


while the measurements using the strip ‘recorder yielded a 
compliance of 41.2 + S.E.). No significant 
difference existed between these measurements. During the 
latter portion of the data collection tse the study, the: 
recorder bécame-non-functional so the strip 


was substituted although the same recorder was _used on any 


one subject. 
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| electrode techniques. used in the laboratory adjacent. to the 


Intensive ‘Care Unit. 


Arterial Oxygen Tension 


APPENDIX C 


\ 


BLOOD GAS ANALYSIS 


Blood tensions and were determined by standard 


gas above the fluid of 760 mm ‘of mercury, the gas. violins being ea ? 


e.g., cross-section of fine platinum wire, to which an appropriate 


Most gases when dissolved in water or dilute electrolyte 
solutions exhibit a linear relationship gas 


and the eae of shheculee in solution when the temperature 


remains constant. The solution of oxygen in plasma and whole 


blood exhibits similar properties. The specific value relating 


the tension of a gas to the number of ‘its | 
2 


partioular solution is known as } the Bunsen solubility coefficient 


(a ), defined as the milliliters of gas going into solution per 


ml of fluid, ata and partial 


‘The oxygen detecting device consists of a platinum surface, ! 


negative voltage is applied, a silver wire acting as the positive 
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anode. Electrical contact is made 


terminals in-an electrolyte solution. When oxygen. molecules 


diffuse to the platinum electrolysis at the 


- oxygen occurs. The breakdown of oxygen alters ‘the conductivity 


recorded. 


of the electrolyte solution and the resulting current is 


: \ 


Immersion of bare platinum wires into the blood is 
A 


followed by the deposition of ototein on surface, 


which interferes with the sttedy diffusion of. oxygen to the 


electrode. (Clark and Wolf (1953) demonstrated that isolatioa 


of Bins electrode and alastveiees system from the blood by means 


of thin, gas permeable plastic membranes permitted repeated 


determination of the oxygen tension without the attendant 


difficulties otherwise imposed by the blood proteins. 

the’ Clark consists of a 25u 
diameter, in with the exposed by 
The platinum and surrounding glass are covered with an cxygen- 
permeable membrane,. holding Setenes itself and the vei and 


the platinum a film of water containing KCl and a phosphate 


better, #0 prevent the small effect of Pcg, on the response. 


© 


Alsowtinder the membrane, making contact with the KCl solution, 


is a chlorided silver reference electrode. A potential of 


-0./v applied to the platinum résults in the passage of a. 
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current that is directly proportional to the availability 


of oxygen molecules at the platinum surface. By keeping the 


platinum surface so small and the membrane relatively imper- 
meable, the consumption of oxygen by the electrode results in a 


fall of about 1.5 per cent or less in Po, at the electrode 


membrane surface in blood, as compared to gas, even when the 


Liquid is not stirred. This oxygen electrode can, therefore, be 

calibrated with gas snl dee not require equilibration of 

blood samples with gas. ‘The cutput current is linear £ 1 

per cent from -zero to 100 per cent 02. , | 
The polypropylene-covered electrode with a 25 platinum 

cathode, operated at 37 C thas the following characteristics 

for blood: (1) reaponse time constant of 5 seconds with 

complete response in 390 seconds; (2) linear wit chin 

1 per cent from zero to 100 per cent oxygen; (3) background 

current with no oxygen less than equivalent of 6. cent 

0,3 (4) blood/gas ratio for quer"? a. = 0.985 at high Po, 

(over 100) , higher with desaturated blood; (5) temperature 

coefficient of electrode, 3 per cent per degree. centigrade; 

(6) current output 1 to 3 x 10711 amp per mm Hg Po, oF about 

1.3 te 3 x 1079 amp with air: (7). drift usually less than 1 


per cent between calibration before and after sample, and 
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So 


~ less then 5 per cent per hour; and (8) effect of CO, not 


ae 


Calibration. Arterial oxygen tension measurements a 


ated venous oxygen tension measurements _were made with a 

Clark electrode and a Beckman meter. Prior to each dnalysie 4 
7 

to read 156 mm Hg on a / scale Of . 0- 160 _ & the Po, was less 

than 60, it was cane on a wade of 0-60, aad if greater than 

60, it*was read on a scale of 0- 800. One minute equilibration 


time was allowed before the reading was. made. 


Carbon Dioxide Tension 


The electrode consists of a pH. 


with, a Teflon membrane. A thin layer of water containing 


salt and bicarbonate ion ts held between the ro and Teflon 


by a spacer (cellophane, paper, nylon or 


glass wool). co, gas molecules 44 €tuse through the ‘Teflon 


from the sample and react with the water to form hydrogen fons. 


A reference electrode in contact with the water film permits: | 
measurement of the resulting pH. With a 0.001 " to 0.01 . ) 


bicarbonate solution the output of the electrode is determined 


by the Henderson-Hasselbach equation: en 


pe 
‘or 
v 
a a 
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Where ‘the, constant C is in fact: log The 
result is that. ‘the senses a chasige of.1 pH unit 


tie a tenfold ‘change in, Poo - The voltage output ot the 
2 


"electrode is directly related to pH and therefore is a log 


of For measurements in normal é 


4 


range, an electrolyte contaduete 0.01 M or 0. 005 M NaHCO, 


gives a faster, more linear rete. The response time is’ 


very at a very iow C0, » and fast at a high: 


The is to the. absolite 


of the Peo, and theréforé responds identically to 


of blood, gas, or water. This ‘permits ad use of compressed 


gases for There is no ‘need to equilibrate with 
blood with known gas tensions. A gas with a *0,, within the 
range of the samples can be used for routine puseration, since 


. response tine increases with the difference between the 


\ 


brating 8 and the sample, a wean the transfer of CO, 


that occurs between the blood ang the electrode can alter the 


; 


of the ‘The nearer the Pp, ‘of the calibrating | 


"gas is to that of the sample, the less the sample is necessary 


to flush through the electrode. 


Carbon dioxide tension measurements and mixed venous" 


carbon dioxide tension measurements were made with the Sever inghaus 


electrode and a Beckman meter. Prior to each analysis the 


e 
> ‘ 
é ¢ 
3 
+ 
t 
| 


electrode was flushed with 609 close to range of the 


arterial carbon dioxide ‘tetigtons actual concentration 


of the 00 shi the, bas varied’ between ‘the tanks used. - The "9 


Beckman meter was ‘then set to read fhe appropriate 
tension. Heparinized | blood was flushed into ‘the electrode 


ial ‘two to three minutes of equilibration. ‘time allowed before - 


g 2 


_ PH was measured with a capillary. ah pH electrode with 


a water jacket for temperature The criteria reqiived: 


¥ 


for accurate determinations of pH in blood , are: ay accurate 


temperature regulation (within 0.1 7) at or near body temper- 


atures (2) emalt’ bloo#Wolume with strict 
and (3) an open, freshly formed, liquid junction between the 


blond and saturated: KCl. 


Red blood cells create a at the. between 


blood and saturated KCl equivalent to 0.01 pH units. There- 


fore, 0.01 is added to all pH measurements of whole blood. _ 


Calibration. The pH of arterial and mixed venous blood 
was analysed with a capillary glass pH electrode and a Beckman 


meter. A buffer solution was flushed throwgge the electrodé, 


and the meter set to read the pH of the buffer. Heparinized 
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pH 
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blood was flushed through the electrode, and then the liquid 


junction of the pH electrode was rinsed with 2-3, drops of 


KCl 


seconds to minute. 
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Readings after an equilibration of 
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‘APPENDIX 


All oxygen tensions, carbon dioxide tensions, and pH 
reported in this study were corrected to each subject's body ‘ 


temperature. 


pH was corrected each subject! s body temperature 


utilizing the of -0. 0147. pH unit/" derived by 


i 


pH + (0.0147) (37 - Pt.'s temp. °c) 


Whole blood pH rises 0.0147 pH units per degree fall of 
temperature under anaerobic conditions. The variability of this 


factor is such that accurate ivalues of pH cannot be relied upon 


to better than + 0.03 if measurements are made at room temperature 


and’ corrected to body temperature. 


Pao. 


The PCO, in blood is altered in a reasonably predictable 


manner by anaerobic changes in temperature. Thus, a correction 


wh: 
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BLOOD GAS CORRECTION .FOR BODY TEMPERATURE a 
pH 
| 
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ws 


and. Nunn (1966) reported west value of 0.019. 
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can be made for the difference in temperature between the body 


and the measuring instrument. The change of Poo CO, which occurs 


when the temperature anaerobically stored blood is changetie 


expressed by the following equations Stupfel, & 


gas tension at temperature T, | 


gas tension at temperature T) 


The calculated value for f was 0.0185 at pH 7.40 and temperature 


within the range of 34-40°C. Experimental determination 


using human blood (Nunn, Bergman, Bunatyan, and Coleman, 1965) 


_ gave a mean value, of 0.019 over the range of 18-36 °C. Kelman 


programming | the Hewlett-Packard 9810 computer for the. 


data analysis of this study, the Bradley et al. (1956) equation ' 
(Pt.'s temp. °c) (37°C) 


% 


“The PO, in blood is altered in a reasonably predictable | 
nanter anaerobic in temperature. A correction can be 


made’ Ror the difference in ‘the temperature between the ‘body and 


4 


2 
| 
— 
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the meas uring’ ‘instrument .. Oxygen tension changes with temperature 


in a similar manner to Poop according, to the’ Bradley et al. 
‘ ‘ gag’ terision Giiperdture To 
The value, of f is, however, in this case “markbdly influenced by 

thie hemoglobin (Nunn et 1965). Kelman et al. 
(1966) approximated Nunn' Ss experimental data an empirical 

expression of the formula: 

where is the percentage desaturation. Hedley-thyte and’ 
Laver (1964) also determined the chenee of Poy with vemperature 
at saturation. ‘afer ts were in eloge agreement with 
“Nunn et (1965). as were those. of Sever inghaus (1966). 
In programming the Hewlett-Packard. 9810 computer for data 
analysis of ‘this the empixted!. equation of Bradley et al. 


(Pt.'s temp.°c) (37°C) 


where xy = 100 - SQ» 
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Oxygen saturations were. calculated from measured oxygen 


_ tensions through the use of a mathematical model of a standard 


dissociation curve applicable to a pH. of. 7.40, and Feo, ° of 40 torr, 
and a temperature of 37 C, and en durendctostal factoré which were applied: 
to ‘this. standard curve to make it iypitcabie to other temperatures 
ind acid-base states. 


The mathematical model describing the dissociation curve 


is similar to that proposed by Adair (1925) and to the modification 


of the curve by Kelman (1966): 


ajP +. (2)aoP2 + (3)a3P3 + (4) 


= (25): 
1+ + + a3P3 + a,P4 


‘The values of the coefficients Ags a4 were deter- 
mined by fitting eh equation in the least-squares : -sense to 
paired values of oxygen tension and. saturation. kn: the curve- 
fitting technique the paired: values were weighted appropriately 


until a satisfactory fit was obtained. The coefficients 


finally used were: ge 
aj = 2.1886 X 10 
ay = 8.9578 X 107" 
a, = 4.5060 X 16° 
a, = 2.4603 X 10° 


UMI 


In the presence of respiratory or metabolic acid-base 


disturbance and _at temperatures other ‘than 37 Cc, ‘the colipeter. 


first calculates the Po which would be obtained at a pH of 


he 40, a a Pog, torr, and ata temperature | of 37 


this is Poy into the percentage saturation 


the standard dissociation curve. 


vm 


aX 


921 [pH,4-7.40] + 0.138 [10g1940 - log, ,Pco, 1 


37.) 


Po vir .+ ©@ Oo) (e 
The rationale — the use of ‘this equation is the generally 


% 


fact that (except possibly for effect at high 


saturations) three factors 2 alter ‘the of. 


axis but not shape the. dissociation curve 


é 


| 1964). ; It is thus. pobstbie. to make the standard dissociation 
curve applicable to various temperatures and 


by multiplying all the oxygen tensions by a constant factor. | 
| 
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_ APPENDIX E 


CALCULATION OF ALVEOLAR-TO-ARTERIAL OXYGEN TENSION DIFFERENCE 


The alveolar-to-arterial oxygen tension difference was cal- 


culated using the alveolar air equation as follows: | 


or 


2 AQ» 09 


where Pao = arterial 0 tension in torr at 
“2 pt.'s temp. in C 


P 


3 = alveolar 9. tension © 
The precise formula for the alveolar air equation is 


stated as follows al., 1962, p. 339): | 


Flo, 


h (Pp AR ) ) 
wnere. 


P 
AH 90 


This alveolar air equation states that at sea level the... 8 
total pressure of gases (05, C05, Nos and in the alveoli 


equals 760 torr and that if the partial pressures of any three 


of these four are known, that of the fourth can be obtained by | 


| 157 
. A 
| 
P = Pp F + 
I A I 
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subtraction. In the process of determining Fo, 


158 


a 


the P and Py , there are certain and 


assumption: It is. generally agreed that the water, vapor 


a 


at C is approximately 47 torr. Values for arterial 


which can be measured with reasonable acti i + ys 3 torr) are 


as representative of mean alveolar This is done 


because “the arterial blood coming from all the alveoli approaches 


x 


an value of PCO, with respect to the different 


regions of the lung and to different times during the respiratory > 


cycle. In addition, (ey) diffuses through body membranes so readily 


While it is true that non-uniformity of alveolar ventil lation with - 


re 


% pr 


«a 


Nee partial pressure in blood leaving “~~ alveolus will 


ways bee equal. ‘to its partial pressure in the gas of that alveolus. 


espect to alveolar capillary blood flow through the: lung” ean 


oeduce a difference between the mixed capillary blood 


and: mixed ~alveolar gas in spite of diffusion equilibrium across 


an 


y single individual alveolus, this difference is eelattyady 


fo] 


small except in the Presence of extreme non-uniformity of alveolar 


ventilation/alveolar blood flow or targe venous-to-arterial 


sh 


56 


It is alah assumed in the foregoing calculation that my, 
3 torr. This would ‘be true if the” egeperetery quotient were 


0, i. it the amount of added ‘to the alveoli. were exactly 


. 
a 
. 
& 
a 
¥ 
= 
‘ 
& 
; 


equal. to the amount of Removed trom each minute. 


re? 


this case, the would be neither diluted nor concen-~ 


¥ 
— 


strated as it entered the alveoli, and alveolar PN, would equal La 


“poise inspired Py In most cases, more is per 


x 


a minute than CO» is added. | evens respiratory exchange ratio 


(R) = 250 ml 0. This results Ny molecules: 


being concentrated, since the same numberof No 


molecules is now: present in a smaller gas volume. Thus, _ 


. “correcting” facter’ of the alveolar equation at the same Ft, 
2 


‘is dependent on the “wares op quotient. 
In ‘programming the Hewlett-Packard, 9810 computer for the 
calculations of the data for this study, the 


qéotient was assumed to ‘be 0. 85." In cases where the respiratory 
| quotient. was larger, the calculated may be’ slightly low 
and in cases where the R was the calculated 
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APPENDIX F 
PHYSIOLOGIC DEAD-SPACE CALCULATION (Vp/V,) 
The physiological-dead space is defined as that part of the 
Pisa hes “tidal volume which does not: participate in gaseous exchange. It 
. is universally defined by the Bohr mixing equation with substitu- 
z ’ tion of arterial Pco, for alveolar PCO, (Nunn, 1969, p. 191): 
physiological = Vp Pacoy 
dead space 
where Paco, = alveolar CO) tension 
Paco, = arteries CO» tension 
| | PECO9 = mean exhaled CO5 
= mean inhaled CO, tension = 0 
2 
we 
= 
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blood. 
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APPENDIX G 


ESTIMATION OF THE SHUNT FRACTION (Qya/Qr) 


* When a patient has a sialic ak shunt, his arterial 


blood contains some mixed venous blood that by-passed the lungs 


7 and some well oxygenated blood that had passed through the 


pulmonary capillaries. The equation that expressesthis rela- 


tionship for-blood is analogous to Bohr's equation. for the calcu- 


relationship that the total amount of oxygen in one minute's 


_ flow of arterial blood equals the sum of the amount of oxygen 


in one minute's flow through the pulmonary capillaries and the | 


amount of oxygen in one minute's flow through the shunt. 


Amount of oxygen in one minute's flow of blood equals the product 


of the blood flow rate and the concentration of oxygen in the 


° | 
When the ts < 1.0, the Aya / is obtained through 


the following formula: 


¢ at 

lation of respiratory dead space and is based on the axiomatic 

é 
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Qva/Qp = + 
where Qy,/Qr = physiologic shunt or venous 
admixture 
= shunts due to low or 
maldistributed ventilation 
Cc'0, - 
where = arterial oxygen content | 
= (S0,) Cy) (o,) 
where Y = 1.34 éc 0o/gm % Hgb 
B = 2.9342 x (Solubility 
in plasma with 
15 gm % Hgb/ml of 02/100 ni: 
solution/torr of 0» 3 
pressure 
) 
= -mixed venous oxygen content 
Cc'02 = (A-aD02) (8) + Cad, 
= end pultionary capillary 0, content _ 
Sag, 0.995 
Sag, 995, Cc' °2 is increased as follows:. 
= (A-aD02) Jf + (se' 09) (Heball- 
(Sa02)(Hgba)} (1.34 
‘Arterial and mixed venous blood can 
A 
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Ca02 and may be measured. End-pulmonary capillary blood 
cannot bé obtained for direct analysis of Cc'0, but its Po, and 


hence its Co, can be est imated by the above fotmula (Comroe et al., 
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THE CALCULATION OF CARBON DIOXIDE PRODUCTI( (Veo) 
PRARA 
| 
where Vz = exhaled minute volume ; 
PECO, = mean’exhaled CO? tension 
PRARA barometric pressure 
(Comroe et al., 1962) 
= 
5 
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APPENDIX I 


THE CALCULATION OF ALVEOLAR MINUTE VOLUME (Va) 


= (Vg) (1-Vp/V_) 
where Vp = exhaled minute volume . 


V)/Vr as derived in Appendix F 


(Nunn, 1969, p. 191) 
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_ APPENDIX J 


THE CALCULATION OF CARDIAC OUTPUT (Qr) 


(8.5) 


Or (L/min) 


_ where C02 production (cc/min) 
Ca-vo, ference : 


8.5 "= "respiratory quotient x 10 


The respiratory quotient was discussed in Appendix E- 


together with Phe ‘inherent using an assumed R of 


8. ? in calculating the alveolar air ‘equation, Similar peeplene, 


4 


exist also in assuming an R Z "S. 5 in the calculation of ) 


eer es output in that if the R>8.5 a. falsely high cardiac or 


output will, be obtained ‘uding. a standard R of 8.5 and vice 


vee sa 


‘The Fick principle states that the amount of 


from the. gases equals the amount to the blood 


which flows through the lungs. “Alternatively, the amount of 
carbon dioxide ethaled. equals the amount lost by the blood which 
the lungs. In the ase of it is evident that. 


the oxygen of the subject must the product of 
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pulmonary blood 
(Nunn, 1969, p. 
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flow and arteriovenous oxygen content difference 
228). 
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UNIVERSITY OF CALIFORNIA AND SAN FRANCISCO GENERAL: HOSPITAL 
Committee on Human Experimentation Approval #934601 
Subjéct's ‘Name _& Date 
I am aware of the investigative procedures to be carried 
; out on the above patient and do not feel that they will jeopardize 
his condition. | 


Signature of physician in charge 
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APPENDIX L 


UNIVERSITY OF CALIFORNIA AND SAN FRANCISCO GENERAL HOSPITAL 


CONSENT TO ACT AS SUBJECT FOR RESEARCH AND INVESTIGATIONS 


Committég.on Human Experimentation Approval #934601 


Be ge hereby authorize Mara M. Baun, ‘R.N., and any such 
assistants as may be selected by her to perform the following 


procedures and investigations on | 


A) an additional test of lung function 


8B) _withdrawal of extra blood samples from. the 
“tubings already inte the artery and 
vein 


2) These procedures have been explained to me by 


3) I understand that all of these are frequently 
performed on patients in the. hospital. I that 
the paticnt will be gerefully Sinkeneaa during suctioning and should 

~ any daseueous® or potentially dangerous signs occur, the procedure 
will be stopped immediately and stafidard corrective measures taken. 

4) ay ale been informed that the benefits of these studies A 


*, 


include the gathering cf information. which may improve the methods 
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Sy suct toned in the future and the gaining 
of data about this patient's own heart. and Lone which will be 
immediately Xo physicians and nurses. 
understand that Mara Baun will answer any questions 
‘ie have about the study and that the iutivnt'p participation 2 
in the study may be cerhinated at any time without in any wag 


0 


prejudicing medical or nursing care. 
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24 Signature of next of kin 
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Relationship to subject 


Signature of witness 
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= APPENDIX M 
_ DATA SHEET 
DATE | 
NAME DATE OF BERTH 
DIAGNOSIS 
| | ~* 
LEVEL. OF 
VENTILATOR 
~ 
i, CONTROL or PATIENT TRIGGER 
RATE 
HYPERINFLATION 
_ Ver 
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SUCTION . 


¢ 


TYPE OF CATHETER HRS SIZE 


TYPE OF ET TUBE ‘SIZE 


SUCTION FLOW L/MIN 


AMOUNT OF MUCUS BEFORE SUCTION | 


AMOUNT. OF MUCUS SUCTIONED . 


BUCKING 


ADDITIONAL COMMENTS : 
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“MEN X age) + (198 X height) 


where SA 


height 
weight 
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APPENDIX N 


“PREDICTED FUNCTIONAL RESIDUAL CAPACITY 


6; 


WOMEN’ FRC = - (+44 X weight) + (550 X SA) - 580 


= years 
= inches . 


= pounds 


(Needham et al., 1954; i 
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=. body surface area in square 
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~ (20 X weight) = 7220 


meters 
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